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Large-scale atmospheric disturbances play important roles in determining the 
general circulation of the atmosphere during the North Pacific boreal winter. A number of 
scientific questions have been raised due to these disturbances’ spatial and temporal 
complexity as well as the hydrological implication associated with them. In this 
dissertation, the principal goal is to further improve our understanding of the atmospheric 
high frequency (HF) and intermediate frequency (IF) disturbances active over the North 
Pacific. The study focuses on their energetics, intraseasonal and interannual variability, 
and the resulting hydrological impact over the eastern North Pacific and Western U.S. 
including extreme events. 
To delineate the characteristics of HF and IF disturbances in the troposphere, we 
first derive a new set of equations governing the local eddy kinetic energy (EKE), and 
assess the critical processes maintaining local budgets of the HF and IF EKE. The 
diagnosis assesses the 3-D patterns of energy flux convergence (EFC), barotropic 
conversion (BT), baroclinic conversion (BC), and cross-frequency eddy-eddy interaction 
(CFEI). The local EKE budget analysis is followed by an investigation of the modulation 
of HF and IF eddy activity by different modes of low frequency climate variability. On 
interannual timescales, the response of various local energetic processes to El 




role of CFEI process is important in producing these anomalies. Also on interannual 
timescales, winter precipitation deficits associated with suppressed cyclonic activity, i.e., 
negative HF EKE anomalies, are linked to severe droughts over the U.S. Southern Great 
Plain (SGP) region. The suppressed cyclonic activity is, in turn, tied to phase changes in 
the West Pacific (WP) teleconnection pattern.  
On intraseasonal timescales, variations in HF disturbances (a.k.a. storm tracks) over 
the North Pacific are closely coupled with tropical convection anomalies induced by the 
Madden-Julian Oscillation (MJO), and partly drive larger scale intraseasonal flow 
anomalies in this region through eddy-eddy interactions. Anomalous HF eddy activity 
induces subseasonal transitions between “wet” and “dry” regimes over the west coast of 
North America. Also on intraseasonal timescales, the East Asian cold surge (EACS) is 
found to provide a remote forcing of the winter precipitation anomalies in the western 
U.S. This modulation is achieved through “atmospheric rivers” (ARs), which are narrow 
channels of concentrated moisture transport in the atmosphere and are responsible for 
over 70% of the extreme precipitation events in the western U.S.. EACS effectively 
modulates the IF disturbance activity over the North Pacific, and the anomalous IF 
disturbances lead to the formation of an AR over the eastern North Pacific that ultimately 
induces precipitation anomalies in the western U.S. Analyses of the simulations from the 
NCAR Community Climate System Model version 4 (CCSM4) demonstrate that the 




model with higher spatial resolutions. The improved simulation of these connections is 
achieved mainly through a better representation of the IF disturbances, and the associated 





CHAPTER 1  
INTRODUCTION 
1.1. Atmospheric Disturbances 
Atmospheric disturbances are periodic fluctuations resulting from the action of 
restoring forces on air parcels that have been displaced from their equilibrium positions 
[Holton, 2004]. The mechanism for the restoring force may be compressibility, gravity, 
rotation or electromagnetic effects. Different from the meanders of air flow in the 
atmosphere, atmospheric disturbances can transport momentum and energy without the 
material transport of air parcels. Therefore, atmospheric disturbances and associated 
motions comprise a vital portion of atmospheric circulation and dynamics. The most 
common and simplest atmospheric disturbance is the acoustic wave, which is a 
longitudinal wave type with a temporal scale of several minutes. However, for 
meteorological interest, transverse disturbances such as internal gravity (buoyancy) 
waves, inertia waves, and Rossby waves are more critical. 
Different climate and weather phenomena occupy different characteristic scales; in 
other words, atmospheric disturbances in different temporal scales correspond to different 
meteorological processes, on which the footstone of various frequency decomposition 
analysis is set. In a marvelous work by Blackmon et al. [1984a], atmospheric disturbances 




intermediate frequency (IF, 10-30 day period) and low frequency (LF, 30 days and above). 
It is shown that distinctions among the structures of HF, IF and LF disturbances as well as 
their time variation are dynamically important [Blackmon et al., 1984b].  
1.1.1. Atmospheric High Frequency Disturbances 
High frequency components of atmospheric disturbances are typically referred to 
timescales shorter than 10 days (synoptic-scale), and they have been long appreciated 
because of their synoptic and physical importance [e.g. developing baroclinic 
disturbances, Hartmann, 1974; Pratt and Wallace, 1976] to human being. For example, 
by applying an “11-day running mean” filter to 500 hPa height from 1961 to 1963, 
Sawyer [1970] found the HF variability maximum over the North Atlantic is all along a 
belt of high cyclonic activity in the same domain. In an early work by Blackmon et al. 
[1977], the term “storm tracks” is used to refer to regions of large HF variance. 
In the northern hemisphere winter, two major storm tracks are always found on HF 
variance maps — that is North Pacific storm tracks and North Atlantic storm tracks. 
These two storm tracks have been extensively studied in the past four decades in order to 
investigate the physical processes that bring about and maintain storm tracks, as well as 
the variability of storm tracks in multiple time scales. In subseasonal timescales, the two 
major storm tracks exhibit distinctly different features. While the intensity of the Atlantic 




is at a relative low level, although the seasonal cycle of the local baroclinicity and jet 
stream are strongest in both domains [e.g., Chang, 2003; Nakamura, 1992]. Considerable 
efforts have been made to explain the cause of the so-called “mid-winter suppression” of 
the Pacific storm tracks. These explanations include, for example, the effects of diabatic 
heating [Chang, 2001; Chang and Song, 2006; Chang and Zurita-Gotor, 2007], reduced 
linear growth in the narrower jet stream [Harnik and Chang, 2004], barotropic shear 
acting to suppress eddy growth during mid-winter [Deng and Mak, 2005], wave trapping 
by the strong subtropical jet [Nakamura and Sampe, 2002], fast advection through the 
strong baroclinic zone because of the strong jet [Nakamura, 1992], suppressed upstream 
seeding [S Penny et al., 2010; 2011] and suppressed upstream Rossby wave behavior 
[Robinson and Black, 2006]. However, there is not any single mechanism which can 
overwhelm the others, suggesting that the “mid-winter suppression” is led by a combined 
effect of several mechanisms. On interannual timescales, the El Niño-Southern 
Oscillation (ENSO) largely modulates the shifts in storm track structure in response to 
changes in the subtropical jet associated with anomalous tropical heating [Straus and 
Shukla, 1997; Trenberth and Hurrell, 1994]. The interdecadal variation of the Pacific 
storm track is modulated by the Pacific Decadal Oscillation (PDO), and inversely linked to 
the strength of the East Asian winter monsoon [Chang and Fu, 2002; Nakamura et al., 
2002]. As a result of this variability, the “mid-winter suppression” changed from being 




[Nakamura et al., 2002]. 
The interaction between synoptic eddies and a corresponding “mean” flow (or in a 
more generalized term, “cross-frequency coupling”) often proves to be critical in 
producing and maintaining the mean flow and storm track anomalies. Through composite 
and Empirical Orthogonal Function (EOF) analysis, Lau [1988] showed that variations in 
the winter monthly storm track field are closely coupled to prominent atmospheric low 
frequency modes [a.k.a. teleconnections, Wallace and Gutzler, 1981]. For example, 
changes in the intensity of the Pacific storm track are often accompanied by a dipole 
structure in the upper tropospheric geopotential height over the western Pacific, resembling 
the Western Pacific (WP) pattern [e.g., Wallace and Gutzler, 1981], while the meridional 
displacement of the storm track seems to be associated with the Pacific/North American 
(PNA) pattern. With a dissipative atmospheric model driven by a zonally symmetric 
forcing, Cai and Mak [1990a] demonstrated that there exists a symbiotic relationship 
between the synoptic-scale and the low frequency, planetary-scale waves. The synoptic 
waves supply part of the energy they extract from the instantaneous zonal flow to the 
planetary waves through upscale energy cascade process, while the planetary waves create 
regions with strong baroclinicity where synoptic waves preferentially intensify. 
Because North Pacific is neighbored by the largest tropical warmpool and also the 
Inter-Tropical Convergence Zone (ITCZ), make it inevitable to the influence of tropical 




of extratropical variability has been extensively studied due to the prominence of the 
ENSO signal [e.g., Horel and Wallace, 1981; Mo and Livezey, 1986; Straus and Shukla, 
2002]. The synoptic eddy forcing, in particular, the transient vorticity forcing associated 
with the storm track anomalies plays an essential role in setting up the extratropical 
response to ENSO, since the direct stationary wave response to ENSO in the extratropics is 
relatively weak [Held et al., 1989; Hoerling and Ting, 1994]. It is important to note that 
synoptic-scale transients (eddies) coming out of a storm track are non-stationary and their 
equatorward propagations are not strictly constrained by the presence of an easterly 
“barrier” or a westerly “duct” [Yang and Hoskins, 1996]. In addition, given the observed 
storm track variability across multiple timescales and the interaction between synoptic 
eddies and a large number of extratropical LF modes, understanding the coupling 
between storm tracks and tropical intraseasonal oscillation becomes crucial. 
1.1.2. Atmospheric Intermediate Frequency Disturbances 
Atmospheric waves with timescales of 10 - 30 days are termed intermediate 
frequency disturbances. The nomenclature of this timescale indicates the fact that it lies 
in the between high and low frequency disturbances [Blackmon et al., 1984a]. Although 
the filtering algorithms and cut off frequency differ among the studies, the results appear 
robust. Going back to 1950s, investigations have demonstrated that periods ranging from 




Landsberg et al., 1959]. Blackmon et al. [1984b] documented IF disturbances as mobile, 
zonally oriented wavetrains within well-defined waveguides originating in the jet 
entrance regions. By making use of empirical orthogonal functions, Branstator [1987] 
reported that the downstream dispersion over the North Pacific is often associated with 
westward-traveling patterns with a characteristic period on the order of about 3 to 4 
weeks in the 500 hPa height field. In another independent study, Kushnir [1987] 
examined the retrograding (westward-moving) disturbances with a typical life cycle of 
about 3 weeks, and suggested that both baroclinic and barotropic conversions contribute 
to the growth of the disturbance energy. Based on results from both NCEP-NCAR 
National Centers for Environmental Prediction–National Center for Atmospheric 
Research (NCEP–NCAR) reanalysis and model simulation, Lau and Nath [1999] suggest 
these retrograding, 20~40 days disturbances in the Pacific sector can be explained on the 
basis of Rossby wave dynamics. 
Compared with LF disturbances, IF disturbances are not geographically fixed, and 
the planetary scale teleconnection patterns are only evident in the LF field as reported by 
Blackmon et al. [1984a]. Schubert [1986] analyzed the leading hemispheric EOFs of the 
time-filtered 500-hPa streamfunction, and found the familiar hemispheric teleconnection 
patterns are clearly apparent only in the low frequency (45 day and above) band; there are 
hints of these patterns on shorter time scales, but the spatial patterns of the leading EOFs 




becomes shorter. In a related study Kushnir and Wallace [1989] reported that 
well-defined hemispheric teleconnection patterns emerge as leading rotated EOFs of the 
interannual variability but not in the frequency bands corresponding to the intraseasonal 
variability. 
A good example of the IF disturbances is the “blocking” or “persistent anomalies” 
[Black, 1997; Dole and Gordon, 1983; Dole and Black, 1990; Trenberth, 1986]. In the 
early study of blocking, investigators noted that during the life cycle of blocking events, 
the high-pressure disturbances that form over these regions tend to have retrograding 




N latitude belt, with duration over a period of up to a month 
[e.g., Berggren et al., 1949; Namias and Clapp, 1949]. Sawyer [1970] found that variance 
of 20-60 day timescales exhibited maxima in regions characterized by frequent blocking 
activity. Mak [1991] diagnosed an individual “blocking” event, and found the synoptic 
eddy-straining mechanism is particularly large in this case. Holton [2004] also pointed 
out that the forcing of large-scale anomalies by potential vorticity fluxes of 
high-frequency transient waves as well as internal nonlinear atmospheric dynamics can 
be important in the maintenance of “blocking” patterns. In another cross frequency 
analysis, Matthews and Kiladis [1999] discussed the mutual feedback between 
extratropical high frequency transients (6-25 days) and tropical intraseasonal oscillation. 
However, it must be pointed out that the high frequency transients defined in the study 




synoptic-scale band (shorter than 6 days) as well as the intraseasonal band, but keep most 
of the IF disturbances. Therefore, this work actually discussed the cross frequency 
interaction between the IF and LF disturbances. 
1.1.3. Energetics of Atmospheric Disturbances 
Atmospheric energetic is an important aspect of the atmospheric general circulation. 
As a fundamental physical property of the atmosphere, the form and transfer of the 
atmosphere internal energy has long been appreciated. One of the pioneer works is given 
by Lorenz [1955], when he proposed the concept of available potential energy (APE); in 
this work, Lorenz also developed a set of kinetic energies (KE) and APE by separating 
the eddy from the zonal mean, based on these, he described and quantified the energy 
flow between zonal mean state and departure eddies as well as APE and KE into a highly 
summarized diagram, which is known as Lorenz energy cycle. Within this energy cycle, 
we want to highlight the following facts: 1) APE is about ten times the total KE, but less 
than 1% of the total PE. 2) Increases in APE are usually accompanied by increases in KE 
and therefore involve diabatic effects. 3) Zonal mean APE converts to eddy APE and to 
EKE, and to zonal EKE. 
Inspired by this work, extensively studies were conducted to examine the energetic 
role in the atmosphere [Oort, 1964; Plumb, 1983; Wiin-Nielsen, 1962]. Specifically, to 




Saltsman [1957] decomposed the KE and APE into a spectrum of spatial scales by 
Fourier analyses along latitude circles. By use of the cross-spectral technique, Hayashi 
[1980] derived the spectral formula and computed the nonlinear energy transfer spectra. 
Using three-dimensional normal mode expansions, Tanaka et al. [1986] analyzed the 
energetics characteristics of the observed and simulated general circulation. The above 
works, although reveal the general energy cycle from a global view, did not give a spatial 
structure due to various limitations at that time. 
Sheng and Hayashi [1990a; b] combined the wavenumber-frequency spectra 
analysis with the temporal frequency spectra analysis and examined the energy cycle with 
observation as well as the GCM data. Sheng and Derome [1991], by utilizing the same 
approach, depicted the energy transfer between transient eddies and mean flow. In these 
studies, they delineated the energy cycle, as well as the spatial structure of eddy-mean 
flow interaction, but due to the method and equation they used, the meanings of different 
terms are not quite intuitive. 
It is possible to further break down the energetic analysis in terms of temporal scales, 
while keep the local features as well, which is so called local energetic analysis. In this 
case, the energy conversion or the energy flow terms become extremely difficult to 
handle, because the conversion terms can have different local expressions or forms, make 
the explanation much more complicated and ambiguous. 




from other diagnostic tools (e.g. 3D wave activity flux), the local energetic analysis is 
still widely used and developed by the community because it is free from the 
quasi-geostrphic (QG) framework. For example, Mak and Cai [1989] analyze the modal 
and nonmodal instability of a barotropical jet streak, they applied the local energetics 
analysis to compare the energy generation rate in different types of instability. Study of 
the dynamics of regional cyclogenesis in a two-layer channel model [Cai and Mak, 1990b] 
suggests the major processes in the local energetic budget are comparable and greatly 
counteract one another, the net result is a downstream development of the perturbation 
energy. Local energetic analysis is also employed to interpret the life cycle of southern 
hemisphere cyclone wave [Orlanski and Katzfey, 1991], which reveals the significant 
role of energy flux divergence in the system evolution. More recently, by means of a 
revised synoptic energy budget, Hsu et al. [2010] examines the interaction between 
tropical Intraseasonal Oscillation and the EKE over western Pacific, they reports that the 
synoptic-scale EKE gain energy through barotropic energy conversion when the ISO in 
its active phase and vice versa. 
1.2. North Pacific Hydro-Climate Variability 
1.2.1. Water Cycle and Precipitation 




water among the atmosphere, continents and oceans. Movement of water can occur in 
any of the three phases, for example, the movement of water between the land surface 
and the atmosphere occurs in the vapor phase (evaporation and condensation), liquid 
phase (rain), and solid phase (snowfall). One of the fundamental concepts of the water 
cycle is residence time, which is a measure of the average amount of time that a 
molecular of water spends in a particular system. Water in the ice sheets has a residence 
time of more than 6000 years, and of about 3000 years for oceans, while in the 
atmosphere it has a residence time of approximately 8 days. 
The atmosphere is often considered as the starting point of the water cycle. Driven 
by solar energy and gravity, the dominant hydrological process involving atmospheric 
water is precipitation over the land surface. Most of the precipitation falling over a 
continent, including North America, originates from the bordering oceans, and from there 
the precipitated water is transported significant distances across the continent. 
Precipitation has significant natural and social impacts over the western North 
American continent, from the Bering Sea coast of Alaska, the Pacific Northwest to the 
southwestern U.S.. For example, winter precipitation over Alaska not only brings a 
significant amount of water, but also alters the local temperature, which plays a principal 
role in the flow of most of Alaska’s rivers and the permafrost thaw [e.g., Jorgenson et al., 
2001]. The Pacific Northwest and California are particularly vulnerable to winter storms 




2010]. Moreover, the precipitation over the Sierra Nevada and Rocky Mountains in the 
form of snowfall determines the snowpack in these regions; the accumulation occurring 
during the winter months becomes all-important during spring runoff, which provides 
much of the streamflow, ground water recharge, and soil moisture for western North 
America [Guan et al., 2011; Serreze et al., 1999]. 
1.2.2. Variability and Modulation of Eastern Pacific Precipitation 
Because of its significant ecological influence and socioeconomic impact, 
understanding the hydrological cycle, especially precipitation, over the Eastern Pacific 
and western North America becomes a pressing task. A large portion of winter 
precipitation in western North America is associated with North Pacific extratropical 
cyclones [Myoung and Deng, 2009]. Extratropical cyclones are the primary organization 
of HF disturbances generated in midlatitudes. These synoptic scale migrating systems 
tend to occlude and dissipate over the coast of western North America, and the 
entrainment of the water vapor in these systems can trigger heavy precipitation once it 
approaches the land. For example, Raphael and Mills [1996] reported that the total 
precipitation received at ten California stations in two El Niño winters was drastically 
different because of different effects of local circulation anomalies on cyclone tracks. 
Raphael and Cheung [1998] further pointed out that the diminished extent of cyclonic 




in California. Even though the length of the period considered in these two studies is 
rather short, their results suggest that the variability of coastal cyclones largely 
determines the variability of the winter precipitation in the western United States on 
interannual time scales. Such influences are also expected to be modulated by tropical 
signals such as ENSO. 
In a series of landmark studies by Bjerknes [1966; 1969; 1972], the link between sea 
surface temperature anomaly and the variability of convection in the central equatorial 
Pacific is established; meanwhile, Bjerknes relates extratropical circulation anomalies 
over the North Pacific to changes in the regional Hadley circulation. Inspired by the 
seminal concept of the teleconnection mechanism proposed by Wallace and Gutzler 
[1981], Higgins and Mo [1997], Mo and Higgins [1998], Mo [1999] and Higgins et al. 
[2000] demonstrated that tropical convection plays a vital role in setting up persistent 
North Pacific circulation anomalies, affecting the strength of moisture transport, inducing 
upper level divergence/convergence over California, and thus driving the transition 
between “dry” and “wet” episodes and the occurrence of extreme rainfall events over the 
U.S. west coast. In particular, Mo and Higgins [1998] pointed out that enhanced tropical 
convection over the western Pacific (near 150°E) tends to create wet (dry) conditions 
over the Pacific Northwest and dry (wet) conditions over the Southwest. Jones [2000] 
and Jones et al. [2004] further showed that extreme precipitation events on both regional 




quiescent phases of the Madden-Julian Oscillation [MJO, Madden and Julian, 1972; 
1994]. 
1.2.3. Atmospheric River 
Besides extratropical cyclones, atmospheric river (AR) is another important weather 
phenomenon, which tends to trigger high impact precipitation over western North 
American coastal area. ARs are long, narrow water vapor corridors within a broad region 
of generally poleward transport of heat and moisture. These filamentary bands occupy 
less than 10% of the Earth’s circumference at mid-latitudes at any given time, but are 
responsible for more than 90% of the water vapor transport from tropics to extratropics 
[Zhu and Newell, 1998]. Due to the intense water vapor it transports, AR can produce 
significant amounts of precipitation within a short period once they reach the west coast 
of midlatitude continents and lead to severe flooding and landslides [e.g., Guan et al., 
2010; Ralph and Dettinger, 2011; F M Ralph and M D Dettinger, 2011]. However, AR 
and their extreme precipitation also provide essential water for supply and reservoirs in 
various forms seasonally, and thus maintain the water balance in western regions through 
their cumulative effect [Dettinger et al., 2011]. 
Over the past decade, field experiments and other studies have documented physical 
characteristics that contribute to AR development and landfall and they span from the 




and western North America. For example, by using observational data from one winter 
airborne and satellite, Ralph et al. [2004] reported that the characteristic dimensions of 
AR are thousands of kilometers long, but only 400 km wide on average, and that the 
integrated water vapor (IWV) in AR regions are generally greater than 20 mm and 
associated with a pre-frontal low-level jet. In other studies of AR and associated extreme 
precipitation, it is found that AR events occur primarily within the warm sector of the 
extratropical cyclones [Neiman et al., 2008a; Ralph et al., 2004; Ralph et al., 2005; Ralph 
et al., 2006]. However, they can also develop in the absence of extratropical cyclones, in 
which case they are fueled by tropical moisture directly [Bao et al., 2006]. On the other 
hand, Neiman et al. [2008b] found that when AR make landfall in winter over the eastern 
North Pacific, there is a trough-like structure which sits over the Intermountain West on 
500hPa height field. In another case study of a Pacific AR event during March 2005, 
Ralph et al. [2010] reported that several major planetary scale phenomena including 
Madden-Julian Oscillation, extratropical wave packets, and Kelvin waves all could 
potentially influence the AR event. Based on high resolution reanalysis data, Jiang and 
Deng [2011] constructed the first AR probability climatology map and showed that AR 
and associated precipitation can be modulated by IF disturbance over the eastern North 
Pacific following the East Asian Cold Surges (EACS) in winter. However, this work does 




1.3. Summary of Research Objectives 
As a testament to the complexity of atmospheric disturbances over the North Pacific 
Ocean and adjacent continents, the following dissertation covers a variety of research 
problems. These topics range from eddy kinetic energy, to the local energetics of HF and 
IF eddies, to activities of extratropical cyclones and atmospheric rivers, with the intent to 
understand their variability, cross-frequency interaction and modulation as well as the 
implications with regards to the water cycle and extreme events over the western North 
American continent. The list below summarizes the research goals for the work that 
follows. 
 Derive and quantify the local energetic budgets for HF and IF eddies including 
the cross-frequency interaction processes. What is the role of cross-frequency 
terms in determining the HF and IF EKE? How do the energetic processes of IF 
eddies are distributed in the troposphere? (Chapter 2). 
 Utilize the local energetic budgets as well as a feature tracking algorithm to 
investigate the modulation of HF and IF eddies by tropical interannual and 
intraseasonal timescales forcing as well as the teleconnection modes (e.g., PNA 
and WP) over the North Pacific. Does tropical intraseasonal oscillation 
modulate precipitation over the west coast of North America? How do the 




Plain during winter 2005/2006 with regard to the alteration of the synoptic-scale 
cyclones? (Chapter 3) 
 Develop algorithms for atmospheric river detection, and quantitatively analyze 
atmospheric river activity. To what extent is extreme precipitation over the west 
coast of the U.S. related to atmospheric river events? (Chapter 3) 
 Study the relationship between high-impact precipitation over western North 
America and another upstream weather extreme (e.g., East Asia cold air 
outbreak). How do atmospheric rivers bridge the weather extremes? Do HF 
disturbances still play a dominant role in atmospheric river events? (Chapter 4) 
 Consider the filamentary structure of atmospheric rivers and the dynamical 
mechanism with which it is associated. Can climate models accurately capture 
the extreme weather phenomenon and upstream modulation? Does model 





CHAPTER 2  
LOCAL ENERGETICS FOR HF AND IF EDDIES 
2.1 Derivation of EKE Budgets 
  We derive the EKE equation starting with the horizontal momentum equation of 
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 where V  and V
3
 stand for horizontal and three-dimensional wind vector, 
respectively;    is geopotential; f  is Coriolis parameter, and 
r
F  is the viscous force. 
Subscripts “T”, and “M” in (1) represent the transient eddy and time-mean component of 
the flow, respectively. The overbar here stands for time mean. The transient eddy 
component here, obtained as departure from the seasonal mean in the calculation, is further 
broken down into 3 frequency bands: HF (2-6 days), IF (7-29 days) and low frequency (LF, 
30-90 days). Note that the definitions of the frequency bands adopted here are slightly 
different compared to those used in Deng and Jiang (2011) due to the use of a “sharper” 
bandpass filter. The results to be presented are not sensitive to the small changes in the 
definition of eddies. Applying an HF bandpass filter to (1), we obtain the momentum 
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where subscript “H” indicates the HF component of the total eddy field and overbar with 
superscript “H” denotes the HF bandpass filtering.  
Taking the dot product of (2) with
H
V , utilizing hydrostatic balance and the continuity 
equation in pressure coordinates, we obtain the following HF EKE equation, 
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  represents the HF EKE;   and   stand for vertical velocity in 
pressure coordinates and specific volume, respectively. The first term on the right hand 
side (RHS) of (3) is the convergence of the 3D energy flux (EFC), which includes the 
advection of HF EKE by the time-mean flow and the energy dispersion associated with 
ageostrophic geopotential flux. Note that the EFC term reduces to the net flux at the upper 
and lower boundaries when integrated over the entire atmosphere, and it mainly acts to 
redistribute EKE in the space. The second term on the RHS of (3) represents the conversion 
of kinetic energy from the time-mean flow to the HF eddies and is often referred to as 
barotropic conversion (BT). The third term on the RHS measures the rate of conversion 
from eddy potential energy (EPE) to EKE, also known as baroclinic conversion (BC). The 
fourth term is the production of HF EKE via cross-frequency eddy-eddy interaction (CFEI). 
The last term on the RHS of (3) is the mechanical dissipation of HF EKE. The CFEI term 
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In (4), the CFEI term now consists of 4 parts: kinetic energy generation due to 
interaction among HF eddies (HH, first term on the RHS of (4)), interaction between HF 
and IF eddies (HI, second term on the RHS of (4)), interaction between HF and LF eddies 
(HL, third term on the RHS of (4)), and interactions among HF, IF and LF eddies (HIL, last 
term on the RHS of (4)). A full list of the abbreviations and definitions is shown in table 2.1. 
In a similar way, the IF EKE equation can be obtained, i.e., 
3 3 3 3 3 3

               

( ) ( ) ( )
I
I
M I I I I I M I I I T T rI I
K
V K V V V V V V V F V
t
 
  (5) 
Where 
3 3 3 3 3 3 3 3 3 3
3 3 3 3 3 3 3 3 3 3
                 
                
( ) ( ) ( )
( ) ( )
I I I
I T T I I I I H I I H H H
I I
I I L L I L L I H L L H
V V V V V V V V V V V V V
V V V V V V V V V V V V
 (6) 
Table 2.2 presents a full list of the abbreviations and definitions used in discussing the 
IF EKE budget. Note that the CFEI terms presented here do not represent direct transfers of 
EKE among eddies residing in different frequency bands. For example, HI in the HF EKE 
equation quantifies the production of HF EKE due to the interaction between HF and IF 
eddies and it is not the direct opposite to the HI in the IF EKE equation which represents 
the generation of IF EKE due to the interaction between HF and IF eddies. The complete 
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Table 2. 2: Abbreviations and definitions of the IF EKE budget. 
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2.2 Data and Methods 
The budget analysis for HF and IF EKE is based upon Eqs. (3) - (6) and uses the 
NCEP-DOE Reanalysis for the period 1979 to 2011. This dataset consists of standard 
daily atmospheric fields such as horizontal and vertical wind, geopotential height and 
temperature on 17 pressure levels and a 2.5
o
 latitude  2.5
o
 longitude grid (Kanamitsu et 




the NOAA Climate Prediction Center (CPC, http://www.cpc.ncep.noaa.gov/data/indices/) 
to identify El Niño and La Niña events in the composite analysis. A Lanczos filter 
[Duchon, 1979] with 203 weights is used throughout the analysis to separate transient 
eddies into different frequency bands and to conduct corresponding bandpass filtering for 
the CFEI term. The choice of 203 weights guarantees the tradeoff between Gibbs effect 
and the sharpness of stop-band. Mass-weighted vertical averaging between 1000 mb and 
200 mb is done for part of the results to highlight the horizontal distribution of EKE 
budget terms in the troposphere. 
2.3 Results 
2.3.1 Climatology of HF EKE budget 
The winter (December-January-February, DJF) climatology of the HF EKE and the 
related energy conversion terms are shown in Figure 2.1. All quantities displayed are 
mass-weighted tropospheric averages. The two localized maxima in the HF EKE field (Fig. 
3.1a) correspond to the two distinct storm tracks over the North Pacific and North Atlantic 
in boreal winter with the Atlantic storm track being more intense compared to the Pacific 
one [e.g., Chang et al., 2002]. The EFC term in the HF EKE budget (Fig. 2.1b) is 
characterized by a west-east dipole over both basins. This spatial structure indicates that 




redistribute EKE eastward and extend the storm tracks to the east ocean basins where local 
baroclinicity is relatively weak compared to the west ocean basins, a process known as 
“downstream development” [Chang, 1993; Mak and Cai, 1989]. The values of barotropic 
conversion (BT, Fig. 2.1c) are generally negative over the North Pacific and North Atlantic, 
and are positive over East Asia, North America and North Africa, consistent with previous 
findings that HF eddies gain (lose) kinetic energy from (to) the background flow as they 
propagate toward (away from) a localized jet and become more isotropic (anisotropic) in 
the confluent (diffluent) region of the jet entrance (exit) [e.g., Cai et al., 2007; Deng and 
Mak, 2006; Wallace and Lau, 1985]. The close match between local maxima in baroclinic 
conversion (BC, Fig. 2.1d) and those in HF EKE field (Fig. 2.1a) clearly demonstrates that 
BC is the primary process generating HF EKE. Fig. 2.1f show the distribution of EKE 
production due to nonlinear interaction among eddies of different timescales, i.e., the CFEI 
term. The net effect of CFEI is to decrease HF EKE over the eastern North pacific and the 
entire North Atlantic. This is a clear demonstration that nonlinear, scale-interaction 
processes are more important over regions where synoptic waves attain large amplitudes. 
The main contributor to the CFEI term is the interaction between HF and IF eddies, i.e., HI, 







Figure 2.1: Winter climatology of the tropospheric-averaged EKE budget for HF eddies. (a) 









/day. All data have been spectrally truncated to T15 before plotting. For 
detailed definitions of various budget terms, please refer to Table 2.1. 
 
To delineate the vertical structure of the EKE budget, we present here also the zonal 
mean of the various conversion terms. Figure 2.2 shows the corresponding 
latitude-pressure cross-sections for the zonal mean quantities in the HF EKE budget. The 
maximum HF EKE (Fig. 2.2a, contours) is found in the upper troposphere around 300 mb 
with peak amplitude exceeding 30 J·m-3. It is located on the northern flank of the 
tropospheric zonal-mean zonal jet (Fig. 2.2a, shading). In the sense of zonal mean, the 
primary role of EFC process (Fig. 2.2b) is to vertically redistribute HF EKE, which is 
mainly produced by BC (Fig. 2.2d) in the mid-lower troposphere (below 500mb). This 




part of the EKE is dispersed to lower levels where mechanical dissipation in the boundary 
layer removes EKE. The damping of HF EKE by barotropic processes (BT) is strongest 
around 500mb and located primarily on the northern flank of the zonal jet (Fig. 2.2c). CFEI 
(Fig. 2.2f) is another major sink of HF EKE in the midlatitudes, and the largest negative 
conversion, due to interaction between HF and IF eddies, is found in the middle 
troposphere (~500 mb) directly beneath the center of maximum EKE. The vertical 
structure of HI is similar to that of BT indicating the same physical nature of the two 
conversion processes, i.e., both related to Reynolds stresses. 
 
 
Figure 2.2: Latitude-pressure cross-sections of the climatological zonal-mean EKE 
budget terms for HF eddies. All terms have been mass-weighted by multiplying the air 
density. Contours are HF EKE (contour interval: 5 J•m
-3
). Color shading in (a)-(i) 
correspond to (a) zonal wind; (b) EFC; (c) BT; (d) BC; (e) HI; (f) CFEI. Unit is ms
-1
 in (a) 
and J•m
-3





In addition to the zonal mean, we also examine longitude-pressure cross-sections of 
meridionally-averaged (over 30°N-60°N) quantities. Fig. 2.3 shows the corresponding 
budget terms for HF eddies. The zonal distribution of HF EKE clearly reveals two distinct 
storm tracks over the North Pacific and North Atlantic (Fig. 2.3a, contour). EFC (Fig. 2.3b) 
redistributes part of the HF EKE generated by BC (Fig. 2.3d) in the lower-mid troposphere 
to upper levels and is responsible for the formation of the upper tropospheric maximum in 
EKE. The two lower-tropospheric maxima in HF EKE are located over the west ocean 
basins adjacent to the east coasts of the Asian and North American continent, where near 
surface baroclinicity and BC tend to peak (Fig. 2.3d). In Fig. 2.4, EFC is further separated 
into energy convergence due to (horizontal and vertical) mean-flow advection and due to 
(horizontal and vertical) ageostrophic geopotential flux. It is clear that the convergence due 
to ageostrophic geopotential flux, particularly its vertical component (Fig. 2.4d), is the 
dominant process of EFC in the HF EKE budget. The horizontal components of the 
mean-flow advection (Fig. 2.4a) and EKE dispersion (Fig. 2.4b) reach their respective 
maximum values in the upper troposphere. As in the zonal mean case, BT (Fig. 2.3c) and 







Figure 2.3: Longitude-pressure cross-sections of the climatological HF EKE budget terms 
meridionally averaged between 30°N and 60°N. All terms have been mass-weighted by 
multiplying the air density. Contours are HF EKE (contour interval: 5 J·m-3). Color 
shading in (a)-(i) correspond to (a) zonal wind; (b) EFC; (c) BT; (d) BC; (e) HI; (f) CFEI. 
Unit is ms
-1







Figure 2.4: Longitude-pressure cross-sections of the HF EKE convergence due to 
advection of EKE by the winter-mean flow (a), horizontal ageostrophic geopotential flux 
(b), vertical advection of EKE by the winter-mean flow (c), and vertical ageostrophic 
geopotential flux (d). All terms have been mass-weighted by multiplying the air density. 
Contours are HF EKE (contour interval: 5 J·m
-3
). All quantities shown are 




2.3.2 Climatology of IF EKE budget 
Figure 3.5 shows the climatological budget terms for IF EKE. The maxima in IF EKE 
(Fig. 2.5a) are located downstream of the respective storm tracks as indicated by the 
maxima in HF EKE (Fig. 2.1a). The larger magnitude of IF EKE compared to HF EKE is 
consistent with the result of Sheng and Hayashi [1990a] that the peak transient eddy kinetic 
energy is found in the period ranging from 6.8 to 34 days, roughly corresponding to our 




two dipoles. Over the North Pacific, EFC reduces IF EKE over the entire basin and 
increases EKE over western North America. Negative (positive) EFC values are also found 
over eastern North America (North Atlantic). Similar to that in the HF EKE budget, BT 
(Fig. 2.5c) shows three centers of positive conversion upstream of the winter time-mean 
jets (East Asia-Western Pacific, North America and North Africa) and three centers of 
negative conversion downstream of the jets (eastern North Pacific, North Atlantic and East 
Europe). BC (Fig. 2.5d) still contributes substantially to the production of IF EKE in the 
northern midlatitudes.  
 
 
Figure 2.5: Same as Fig. 2.1, except for IF eddies; for detailed definitions, please refer to 
Table 2.2. 
 




This leaves CFEI (Fig. 2.5f) to stand out, especially over the eastern North Pacific and 
western North America, where HI (Fig. 2.5e) dominates the CFEI term and overlaps with 
the maximum of IF EKE. The significant contribution to IF EKE from the interaction 
between HF and IF eddies (i.e., the HI term) confirms the critical role of synoptic eddies in 
the development and maintenance of IF disturbances such as a blocking high or a cutoff 
low [e.g., Cai and Van Den Dool, 1994]. Note that the HI term does not quantify the direct 
kinetic energy transfer between HF and IF eddies. Over the eastern North Atlantic and 
West Europe, the northern portion of the IF EKE maximum is largely determined by the 
effect of EFC while the southern portion is collectively contributed by BT and CFEI 
(primarily HI). The positive BT contribution here supports the idea that some IF eddies 
might originate from barotropic instability of a zonally-varying background flow [for a 
review, please see Dole, 2008]. These results suggest that the characteristics of IF EKE 
budget are fundamentally different between the two ocean basins. Additionally, our 
analysis also suggests that the interaction among IF eddies themselves, i.e., the II term (not 
shown due to small values), has little contribution to the lifecycle of IF disturbance as 
discussed earlier by Cash and Lee [2000]. 
For the IF EKE, the maximum in its zonal mean is located to the north of and slightly 
above the jet core with peak amplitude exceeding 40 J·m-3 (Fig. 2.6a, contours). Similar 
to that in the HF EKE budget, the effect of BC is still concentrated below 500 mb (Fig. 




zonal-mean sense, the role of BT in the IF and HF EKE budget is distinctly different. BT 
represents an important sink of HF EKE (Fig. 2.6c), but only does so for IF EKE on the 
southern flank (equatorward side) of the zonal-mean jet. On the northern flank and near the 
level of maximum IF EKE, BT acts as a primary source of IF EKE. Given the strong 
cancelation between BC and EFC, the positive EKE productions due to BT and CFEI 
(dominated by HI, Figs. 2.6f and 2.6e) turn BT and HI into the two most important 
contributors to IF EKE when the zonal-mean budget is considered. 
 
 
Figure 2.6: Same as Fig. 2.2 except for IF eddies. 
 
The longitude-pressure cross-sections for IF EKE budget terms are shown in Figure 
2.7. Consistent with the zonal mean quantifies, BT (Fig. 2.7c) acts as an important source 




over the east ocean basins. BC has non-negligible contributions to the upper-tropospheric 
EKE maxima, although the main positive conversions associated with BC are still found in 
the lower troposphere over the west ocean basins (Fig. 2.7d). The overall impact of EFC in 
determining the upper-tropospheric maxima of IF EKE is relatively small compared to that 
in the HF EKE budget. Further breakdown of the EFC term indicates that it is also 
dominated by the energy convergence due to the vertical component of the geopotential 
flux (figure not shown). CFEI (Fig. 2.7f), another critical source of IF EKE, is mainly 
contributed by the EKE generation due to interaction between HF and IF eddies (HI, Fig. 
2.7e). The zonal and vertical distribution of HI indicates that such nonlinear interactions 
preferentially occur in the mid-upper troposphere over Eastern Pacific-Western North 
America and over Eastern Atlantic-Western Europe. Both regions are characterized by an 
elevated activity of atmospheric blocking. The positive role played by HI in the IF EKE 
budget therefore provides additional evidence that synoptic-scale transients and eddy-eddy 
interactions are an integral part of the dynamics of atmospheric blocking [e.g., Egger, 1978; 
Nakamura and Wallace, 1990; 1993; Nakamura et al., 1997; Shutts, 1983; 1986]. 
Consequently, one of the potential applications of the local energetics diagnosis presented 
here is model evaluations that seek to identify sources of biases and improve the 











   In this section, we quantify the winter climatology of the local kinetic energy 
budget terms for both the HF and IF eddies. HF eddies depict extratropical storm tracks 
that are responsible for day-to-day weather variability in northern winter while IF eddies 
represent the class of relatively low-frequency disturbances giving rise to phenomena 
such as atmospheric blocking and teleconnections. By adopting a new form of the EKE 
equation, we are able to isolate the effect of EKE generation/destruction due to 




significant sink of HF EKE and a major source of IF EKE over both the North Pacific 
and North Atlantic basins. The results of local energetics, presented in the forms of both 
tropospheric-average and latitude/longitude-pressure cross-sections, confirm findings in 
earlier studies that synoptic-scale disturbances contribute positively to the onset and 
maintenance of extratropical atmospheric low-frequency variability, particularly over the 
eastern ocean basins. In the winter climatology, BT is most active in the mid and upper 
troposphere while BC is concentrated below 500 hPa. BC contributes positively to both 
HF and IF EKE while BT often damps HF EKE and enhances IF EKE. The mean-flow 
advection of EKE and kinetic energy dispersion, captured in the EFC term, are always 
important in determining the final 3D distribution of EKE in the troposphere. 
The results presented here demonstrate that in terms of local energetics, IF eddies 
are more complicated compared to HF eddies. Diagnosing local energetics of transient 
eddies of various timescales thus can serve as an efficient tool for identifying sources of 
differences in general circulation features among various reanalysis datasets and model 
simulations. Finally, it is important to recognize here that kinetic energy budget represents 
only one part of the total eddy energy budget. 
 
 






CHAPTER 3  
MODULATION OF THE ATMOSPHERIC DISTURBANCES BY 
TROPICAL AND EXTRATROPICAL VARIABILITY AND THE 
INFLUENCE TO WESTERN NORTH AMERICAN WATER CYCLE 
3.1 Interannual Timescale Modulations 
3.1.1 Interannual Variability of Local Energetics 
The interannual variability of the various energy conversion terms constitutes an 
important aspect of the EKE budget, in some sense, it represents a “mean state” of the 
variability itself. We first quantify the overall amplitude of the interannual variation in 
various budget terms in terms of the standard deviation of their respective DJF-mean 
values. Figure 3.1 presents the results for HF eddies. The maximum standard deviations 
of EFC, BC and BT, shown in Figs. 3.1b, 3.1c and 3.1d, respectively, are located 
downstream of the corresponding time-mean jets over the western North Pacific and 
western North Atlantic. The maximum interannual variability of CFEI (Fig. 3.1f) is found 
over the eastern North Pacific and over the western North Atlantic. Over both basins, 
EFC exhibits the largest interannual variability among all the budget terms. The 
magnitudes of interannual variations in terms of standard deviations are generally larger 




amplitudes in the former region. On average, interannual variability represents 
approximately 20-70% changes with respect to the local climatological values. 
 
 
Figure 3.1: Interannual standard deviations of the HF EKE budget terms in winter season. 




); (b) EFC; (c) BT; (d) BC; (e) HH; (f) HI; (g) HL; (h) 




/day. All data have been spectrally truncated to T15 
before plotting. For detailed definitions of various budget terms, please refer to table 2.1. 
 
The overall spatial structure of the interannual variability in the IF EKE budget 
terms (Fig. 3.2) is similar to that of the HF EKE budget terms in the sense that the 
maximum variability tends to overlap with the maximum climatological values of the 
respective terms. For IF eddies, EFC shows the largest amplitude of interannual variation 




to the climatological values over Gulf of Alaska and the North Atlantic (Fig. 3.2b). The 
interannual variability of BT (Fig. 3.2c) in the IF EKE budget shares similar spatial 
patterns with that in the HF EKE budget (Fig. 3.1c) but with a larger amplitude. The 
amplitude of the interannual variability of BC, on the other hand, is weaker for IF eddies 
(Fig. 3.2d) compared to that for HF eddies (Fig. 3.1d). The standard deviations of the 
CFEI term turn out to be large for both HF and IF eddies (Fig. 3.1i and Fig. 3.2i). A 
distinction between the HF and IF eddies is that the magnitude of the interannual 
variability of the interaction among eddies of similar scales, i.e., HH (Fig. 3.1e) and II 
(Fig. 3.2e), is quite different. II clearly varies more substantially on a year-to-year basis 






Figure 3.2: Interannual standard deviations of the IF EKE budget terms in winter season. (a) 




); (b) EFC; (c) BT; (d) BC; (e) II; (f) HI; (g) IL; (h) HIL; 




/day. All data have been spectrally truncated to T15 
before plotting. For detailed definitions of various budget terms, please refer to table 2.2. 
 
3.1.2 A Special Case of Interannual Modulations: ENSO 
ENSO represents the most prominent signal of interannual variability in the Earth’s 
climate system and has profound impacts on global atmospheric circulation [e.g., 
Bjerknes, 1969; Trenberth et al., 1998]. To investigate the influence of ENSO on local 
EKE budgets, we regress DJF-mean values of the zonally- and vertically-averaged energy 




chosen based on regions exhibiting maximum interannual variability as shown in Figs. 
3.1 and 3.2 The meridional distribution of the regression coefficients for the HF EKE 
budget terms are plotted in Figure 3.3. A meridional dipole in the regression coefficients 
for HF EKE over the North Pacific (thick black line in Fig. 3.3a) indicates an 
equatorward shift of the Pacific storm track during El Niño winters as discussed in 
previous studies [e.g., Trenberth and Hurrell, 1994]. The elevated level of EKE on the 
equatorward side of the climatological storm track is accompanied by a southward shift 
of the maximum BC (red line in Fig. 3.3a) and positive anomalies of BT around 35
o
N 
(cyan line in Fig. 3.3a). The decrease of HF EKE to the north is a result of negative 
conversion anomalies in BC. In contrast, both EFC (thin black line in Fig. 3.3a) and CFEI 
(magenta line in Fig. 3.3a) work against the observed pattern of EKE anomalies meaning 







Figure 3.3: Response of the EKE budget terms to ENSO forcing in terms of coefficients 
obtained by regressing the corresponding budget terms onto the monthly Nino3.4 index. (a) 
HF EKE budget terms that are zonally-averaged over the North Pacific basin 
(140°E-120°W) and mass-weighted, vertically-averaged in the troposphere; (b) HF EKE 
budget terms that are zonally-averaged over the North Atlantic basin (90°W-0°E) and 
mass-weighted, vertically-averaged in the troposphere. (c) IF EKE budget terms that are 
zonally-averaged over the North Pacific basin (160°E-110°W) and mass-weighted, 
vertically-averaged in the troposphere. (d) IF EKE budget terms that are zonally-averaged 
over the North Atlantic basin (60°W-30°E) and mass-weighted, vertically-averaged in the 
troposphere. The EFC term in IF EKE budget (c) and (d) is scaled by 0.5 to fit the panels. 
The blue solid lines in (a) and (b) represent HL in the HF EKE budget; while in (c) and (d) 













for rest of the terms. Results passed the 80% significance level are marked 
with filled circle. 
 
Over the North Atlantic, the ENSO response in the HF EKE field is characterized by 




in subtropics and high latitude regions (thick black line in Fig. 3.3b). Note that due to the 
southwest-northeast tilt of the North Atlantic storm track, zonal averaging tends to 
smooth out the signal. The results presented in Fig. 3.3b are thus a slight underestimate of 
the actual response. The tri-pole anomaly in HF EKE over the North Atlantic is largely 
induced by anomalies in BC (red line in Fig. 3.3b) and CFEI (magenta line in Fig. 3.3b). 
Similar to that over the North Pacific, EFC tends to work against this tri-pole anomaly 
(thin black line in Fig. 3.3b). BT (cyan line in Fig. 3.3b) also works against the decrease 
of HF EKE around 50°N. Comparing the response of the eddy-eddy interaction term over 
the two oceanic basins, we find that HI (green line in Fig. 3.3a) dominates the response of 
CFEI over the North Pacific while both HI (green line in Fig. 3.3b) and HL (blue line in 
Fig. 3.3b) are relevant for the CFEI response over the North Atlantic. 
The corresponding results for IF EKE are shown in Figs. 3.3c and 3.3d. In response 





N  with the maximum decrease found around 45°N (thick black line in Fig. 3.3c). 
Similar to the HF EKE over the North Pacific, the suppressed IF EKE is clearly 
associated with negative anomalies of BC (red line in Fig. 3.3c) north of 50
o
N and EFC 
(thin black line in Fig. 3.3b) works against the observed EKE anomalies in the 
midlatitudes. In contrast to the HF EKE, the suppression of IF EKE is also tied to 
negative anomalies of CFEI (magenta line in Fig. 3.3c), which is dictated by changes in 








effect of BT in the IF EKE budget (cyan line in Fig. 3.3c) tends to work against the IF 
EKE anomalies at low and mid-latitudes, while it is clearly contributing positively to the 
IF EKE anomalies north of 65
o
N. 
In contrast to the North Pacific, IF EKE generally increases over the North Atlantic 
in El Niño winters and the maximum increase is located between 40°N and 70°N (thick 
black line in Fig. 3.3d). This increase is largely contributed by a positive BC anomaly 
(red solid line in Fig. 3.3d) between 40°N and 60°N while CFEI (magenta line in Fig. 
3.3d) and BT (cyan line in Fig. 3.3d) also play some roles north of 50°N. The CFEI 
response receives similar contributions from HI (green line in Fig. 3.3d) and IL (blue line 
in Fig. 3.3d) north of 50°N. EFC term (thin black line in Fig. 3.3d), on the other hand, 
still works against the observed EKE anomalies, particularly between 40°N and 70°N. 
3.1.3 The HF Disturbances and Low Frequency Modes: Extreme Drought In Southern 
Great Plains During The Winter of 2005-2006 
In 20
th
 century, people live in the U.S. Great Plains suffered a number of major 
droughts, most notably the droughts of the 1930s, the 1950s, and 1988 [Schubert et al., 
2004a; b; Seager et al., 2005]. During hydrological year 2006 (October 2005 to 
September 2006), extreme drought occurs in the Southern Great Plains (SGP). In the state 
of Oklahoma, the annual precipitation amount is about 61% of the normal year; more 




the normal year) break the historical record, ranked as the driest winter season as reported 
by Dong et al. [2011]. 
This persistent extreme drought event is inevitably associated with local feedback 
among cloud properties, radiation and precipitation. However, Rauber et al. (2008) point 
out that SGP winter precipitation is typically associated with the passage of the 
extratropical cyclones, a typical weather phenomenon related to HF eddies; therefore, it is 
important to examine the anomalous activity of these synoptic scale (HF), precipitation 
producing systems during winter months. Understanding the connection between this 
anomalous cyclonic activity and large-scale teleconnection patterns helps to infer 
potential predictability of winter hydrological extremes over the SGP region. 
To analyze the activity of extratropical cyclones in this region, firstly, we need to 
derive a set of “winter storm tracks” via a “feature tracking” algorithm in Lagrangian 
framework which proposed by Hoskins and Hodges [2002]. In our analysis, we apply the 
same idea to the sea level pressure (SLP) and geopotential height in 300 hPa level 
acquired from NASA Modern Era Retrospective-Analysis for Research and Applications 
(MERRA) reanalysis from 1979 to 2009; the captured tracks are then interpolated onto a 
1 degree by 1 degree grid based on Cressman method [Cressman, 1959] with both the 
instantaneous storm intensity (local minima) and influential radius considered. The 
accumulated result is named as cyclonic activity intensity. Figure 3.4 present a map of all 




the winter of 2005-2006 from the SLP data (gray shading). Two striking features are 
shown here: firstly, the pattern of cyclonic activity intensity is largely consistent with the 
storm tracks or HF EKE with two prominent maxima over North Pacific and North 
Atlantic; secondly, for SGP region, the experienced cyclones can either originate from 
North Pacific or from the high latitudes regions of western continent of North American, 
in either case, the associated large-scale systems could produce impact to SGP region. 
 
Figure 3.4: Extratropical cyclone tracks (green trajectories) and the corresponding track 
intensity (gray shading) derived from SLP field in MERRA reanalysis data for winter 
2005- 2006. 
Figure 3.5a shows the correlation between the monthly cyclonic activity over the 
continental United States and the precipitation over a grid box of 30°–40°N and 105°–




1979/1980–2008/2009 (note that the sign of precipitation was reversed in the calculation 
to reflect the drought condition). The winter precipitation deficit over the SGP is clearly 
linked to significantly suppressed cyclonic activity (i.e., negative anomalies) over the 
southwestern United States. This result is consistent with a winter cyclone’s westward tilt 
with height, thus the fact that the surface precipitation zone tends to be located to the east 
of the upper level (300 hPa) trough. The suppressed cyclonic activity (Fig. 3.5b) and 
positive 500 hPa geopotential height anomalies (Fig. 3.5c) over the southwestern United 
States have demonstrated that large-scale flow anomalies play a key role in leading to the 
extreme dry period.  
 
 
Figure 3.5: (a) Correlation between the monthly cyclonic activity over the continental 
United States and the precipitation (from the MERRA precipitation) over a grid box of 
30°–40°N and 105°–95°W during the period November to February 1979/1980–
2008/2009 (sign of the precipitation is reversed to reflect the drought condition). (b) 
Anomalies of the cyclonic activity during the extreme dry period (November 2005 to 
February 2006) relative to the 1979/1980–2008/2009 climatology (color shadings in 
meters per day). Thick (thin) contours in Figure 10a correspond to the 99% (95%) level 
of statistical significance. 
 




southwestern United States and therefore drive the winter precipitation variability in the 
SGP, we first defined a Cyclonic Activity Index (CAI) by integrating anomalies of the 
cyclonic activity over 30°–37°N and 120°–100°W representing the southwestern United 
States. The correlation coefficients between this index and the Northern Hemisphere 500 
hPa geopotential height (GH) are given in Figure 3.6a, where enhanced cyclonic activity 
in winter is generally associated with positive (negative) height anomalies over the 
western Pacific regions south (north) of Japan and with negative height anomalies over 
the southwestern United States. The suppressed cyclonic activity during the extreme dry 
period thus corresponds to the exact opposite of the anomalous pattern shown in Figure 
3.6a. This triple action-center pattern clearly resembles the loading pattern of the WP 
teleconnection, a primary low frequency mode over the North Pacific [Barnston and 
Livezey, 1987; Wallace and Gutzler, 1981]. In fact, the correlation between the 
November–February averaged CAI and the WP index is 0.43 and statistically significant 
at the 99% level (Fig. 3.6c). The southwestern CAI is also slightly correlated with the 
PNA index on monthly time scales with a correlation coefficient of 0.21 statistically 
significant at the 95% level (Fig. 3.6b). Since positive phases of WP and PNA are 
characterized by negative GH anomalies over western North America and the North 
Pacific, respectively, and such anomalies tend to push westerly jets southward and 
enhance upper level divergence downstream of the geopotential height anomalies, the 




Southwest. This is consistent with the positive correlations between the CAI and 
WP/PNA identified above. Given the linkages between the CAI (therefore, the SGP 
precipitation) and the WP and PNA index on, respectively, seasonal and monthly time 
scales, improved understanding and simulation of the WP and PNA variability have 




Figure 3.6: Correlation between the (a) November–February averaged 500 hPa GH and 
the CAI, (b) monthly CAI (blue line) and the corresponding NOAA PNA index (red line) 
during November–February 1979/1980–2008/2009, and (c) November–February 
averaged CAI and the corresponding NOAA WP index during November–February 
1979/1980–2008/2009. Thick (thin) contours in Figure 11a correspond to the 99% (95%) 
level of statistical significance. The source of the PNA and WP index is 
http://www.cpc.noaa.gov/data/teledoc/telecontents. 
 
3.2 Tropical Intraseasonal Scale Modulations 
3.2.1. Motivation 




prominent intraseasonal convection system, has been actively studied in the past thirty 
years. Early work represented by Weickmann [1983] and Weickmann et al. [1985] 
demonstrated that the extratropical flow anomaly associated with the MJO variability is 
characterized by an eastward propagating, wavenumber-1 structure manifesting itself as 
an eccentric circumpolar vortex expanding (contracting) in regions of enhanced 
(suppressed) tropical convection. Weickmann et al. [1992] and Weickmann et al. [1997] 
further investigated the atmospheric angular momentum (AAM) cycle associated with the 
MJO and discussed the dynamics of the intraseasonal AAM oscillations. Most recently, 
Egger and Weickmann [2007] showed that during the lifecycle of MJO, AAM anomalies 
of one sign first develop in the tropical upper troposphere and propagate downward and 
poleward to the subtropics in about two weeks, at which time AAM anomalies of the 
opposite sign start to appear in the tropical upper troposphere. Matthews et al. [2004] 
provided a good review on this topic but focused their discussion on the direct response 
to tropical heating that can be understood with a barotropic model, i.e., quasi-stationary, 
extratropical waves driven by time-dependent, tropical heat source derived from the 
observed MJO anomalies [e.g., C Zhang and Hagos, 2009]. Pan and Li [2008] further 
suggested that synoptic-scale transients play a key role in the interaction between tropical 
intraseasonal oscillation and mid-latitude low frequency flow. Matthews and Kiladis 
[1999] presented a pioneering analysis on the interaction between high-frequency 




enhanced convection is located over the East Indian Ocean, the upper level Asian-Pacific 
jet and the tropical easterlies move westward, leading to a “leakier” waveguide along the 
jet and strengthened equatorward propagation of transient eddy activity into the tropical 
central Pacific. The enhanced convective variability associated with stronger transient 
eddy activity at the ITCZ projects back onto the intraseasonal timescale and become an 
integral part of the slowly evolving MJO signal. As the enhanced convection moves over 
the South Pacific Convergence Zone (SPCZ), a stronger Asian-Pacific jet (waveguide) 
extends over the central Pacific suppressing equatorward propagation of wave activity. 
Note that in this work, “high-frequency” is obtained through a 6-25 day band-pass filter 
and does not correspond exactly to the typical 2-8 day timescale of synoptic eddies 
comprising a storm track, although the authors did mention that the magnitude of the 
anomalies of the perturbation kinetic energy almost doubled over the North Pacific when 
a 25-day high-pass filter was used in calculation. Therefore, there is still missing in the 
literature a comprehensive analysis of the intraseasonal modulation of the North Pacific 
storm track by tropical convection in boreal winter.  
Additional implications of a tropical-convection-induced stormtrack anomaly 
include its projection onto regional hydro-climate variability in winter. Myoung and Deng 
[2009] showed that by affecting coastal cyclonic activity, synoptic eddies existing the 
Pacific storm track determine a large portion of the interannual variance of the winter 




demonstrated that the amplitude and location can significantly alter the moisture transport 
and further affect the extreme precipitation over U.S. west coast [Higgins and Mo, 1997; 
Higgins et al., 2000; Jones, 2000; Jones et al., 2004; Mo and Higgins, 1998; Mo and 
Higgins, 1998].  
The aim of Section 3.2 is to 1) quantify the observed Pacific storm track anomalies 
during the course of a typical MJO event, 2) identify the key dynamical processes leading 
to the storm track anomalies by diagnosing the HF EKE budget, 3) investigate the role of 
the MJO-induced, anomalous synoptic eddy forcing in driving the extratropical 
intraseasonal flow anomalies, and 4) explore the implications of this storm track 
variability for subseasonal prediction of the winter hydrological condition in western 
North America. 
3.2.2. Data and Methods 
The analysis of this study focuses on the most recent 30 winters (December-March, 
1979/80-2008/09). The main dataset used is the NCEP/NCAR Reanalysis [Kalnay et al., 
1996; Kistler et al., 2001]. The daily values of the NOAA Interpolated Outgoing 
Longwave Radiation [OLR, Liebmann and Smith, 1996] on a 2.5° latitude × 2.5° 
longitude grid are used as the basis for characterizing intraseasonal variations in the 
tropical convection.  




mass-weighted, vertically-averaged HF EKE in the troposphere. A 30-90 day band-pass 
Lanczos filter with 181 daily weights is applied to variables such as daily OLR, HF EKE, 
zonal wind and precipitation to extract the intraseasonal fluctuations in these fields. The 
number of weights used in the filter is increased for lower values of cutoff frequencies to 
ensure a sharp frequency response [Duchon, 1979].   
A Multivariate Empirical Orthogonal Function Analysis (MEOF) is conducted on 
the 30-90 day filtered, daily HF EKE (defined over 110°E-100°W, 5°N-65°N) and 
tropical OLR field (defined over 90°E-90°W, 15°S-5°N) to identify the dominant 
structure of intraseasonal coupling between the North Pacific storm track and tropical 
convection. Before solving for the eigenvectors of the correlation matrix, the filtered 
daily HF EKE and OLR values at each grid-point have been centered (i.e., 
temporal-mean removed) and normalized respectively by the standard deviation of the 
filtered daily HF EKE and OLR time series at the same grid-point. The results of the 
MEOF analysis turn out not sensitive to small changes in the choice of the HF EKE and 
OLR domain.   
Composite maps for multiple fields including the HF EKE, precipitation and various 
local energy conversion terms are created based upon the time series of the Principal 
Components (PCs) obtained in the MEOF analysis. A day is denoted as a “day 0” when 
the anomaly of the daily PC value rises above one standard deviation and is greater than 




of 73 day 0s are identified out of the 30 winters being studied. This gives us a set of 73 
events for case-compositing. Composite daily anomalies of various 30-90 day band-pass 
filtered fields, i.e., composite “intraseasonal” anomalies, are constructed from day -30 to 
day 30 by averaging the corresponding daily fields across the 73 cases selected. 
Statistical significances of the composites are assessed through Welch’s t-test [Welch, 
1947]. Two periods characterized by pronounced HF EKE response to intraseasonal 
tropical OLR anomalies are identified through the MEOF analysis and designated as 
period I and II. They correspond to day -7 to day +7 and day +15 to day +29, respectively. 
Most results of the composite analysis are presented as averages over each of the two 
Periods. 
  For the HF EKE local energetics analysis, we use the HF EKE budget with 
cross-frequency energy exchange terms derived in Chapter 2. 
3.2.3. Linear Modulation of the Pacific Storm Tracks by Tropical Convection 
   The linearly co-varying patterns of the Pacific storm track and tropical OLR on 
intraseasonal timescales are first identified through a MEOF analysis on the filtered HF 
EKE and OLR field. The top three EOFs account for respectively 11.7%, 8.3% and 6.4% 
of the total intraseasonal variance in the two fields. The HF EKE and OLR EOFs, in 
terms of the coefficients of regression onto the corresponding normalized PC time series, 




structure indicating increase or decrease of the overall intensity of the Pacific storm track. 
This mode of storm track variability is largely independent of the tropical OLR as the 
amplitude of the corresponding EOF1OLR (Fig. 3.8a) is rather weak across the entire 
tropical region being considered. EOF2OLR (Fig. 3.8b) and EOF3OLR (Fig. 3.8c), on the 
other hand, indicate an eastward propagating OLR-couplet with the negative anomaly 
(enhanced convection) located to the west of the positive anomaly (suppressed 
convection). The center of the enhanced convection moves from about 110°E in EOF2OLR 
to about 160°E in EOF3OLR. According to the multivariate MJO index defined by 
Wheeler and Hendon (2004), this movement roughly corresponds to the phase 4 to phase 
6 evolution of the MJO-related OLR signal over the tropical oceans. The storm track 
response, i.e., EOF2HFEKE (Fig. 3.7b), is characterized by a dipole anomaly over the North 
Pacific with above-normal HF EKE over mid-high latitudes and below-normal HF EKE 
over the subtropical eastern Pacific. The slightly above-normal HF EKE is also observed 
over the tropical-subtropical central Pacific around the International Date Line. The 
eastern portions of the storm track anomalies exhibit a general northwest-southeast 
(NW-SE) tilt. In EOF3HFEKE (Fig. 3.7c), the overall distribution of the storm track 
anomaly is displaced northeastward compared to EOF2HFEKE, with a negative anomaly 
now dominating the mid-high latitudes and a positive anomaly appearing over the 






Figure 3.7: The first 3 EOF modes of the HF EKE shown as the regression coefficients 
between the intraseasonal HF EKE and the corresponding normalized PC time series: (a) 




. Solid (dashed) 
contours correspond to positive (negative) values and 0 contours are highlighted. 






Figure 3.8: The first 3 EOF modes of the tropical OLR shown as the regression 
coefficients between the intraseasonal OLR and the corresponding normalized PC time 
series: (a) EOF1OLR, (b) EOF2OLR, and (c) EOF3OLR. Contour interval is 2 W m
−2
. Solid 
(dashed) contours correspond to positive (negative) values and 0 contours are highlighted. 
Displayed are values reaching the 95% significance level. 
 
3.2.4. Development of The Storm Track Anomalies 
The development of the storm track anomalies during the course of a typical MJO 
event is further examined through case compositing. Day 0s (please see the definition in 
Section 3.2.2) are selected based upon the second PC (PC2) time series obtained during 
the MEOF analysis. Fig. 3.9 illustrates the distributions of the lagged regression 
coefficients between the intraseasonal tropical OLR anomalies and the normalized PC2 
time series. At day -15 (Fig. 3.9a), a negative OLR anomaly emerges over the Indian 
Ocean and a positive anomaly appears over the western Pacific. The amplitude of the 




eastward between day -15 and day +5 (Fig. 3.9b and c). By day +15 (Fig. 3.9d), the 
positive OLR anomaly has disappeared over the central Pacific and another positive 
anomaly is found over the Indian Ocean. At day +25 (Fig. 3.9e), the negative OLR 
anomaly reaches the central Pacific and is now located south of the equator. The 
intraseasonal evolution of the tropical OLR associated with the coupled HF EKE-OLR 
variability (PC2) is thus consistent with the lifecycle of a typical MJO event [e.g., Fig. 8 






Figure 3.9: The distribution of the lagged regression coefficients between the intraseasonal 
tropical OLR anomalies and the normalized PC2 time series at (a) day −15, (b) day −5, (c) 
day +5, (d) day +15, and (e) day +25. Contour interval is 2 W m
−2
. Solid (dashed) contours 
correspond to positive (negative) values and 0 contours are omitted. Displayed are values 
reaching the 95% significance level. 
 
Fig. 3.10 displays the composite intraseasonal anomalies of HF EKE for the two 




day 0, the time of the peak amplitude of the second EOF mode (Fig. 3.7b and 3.8b). 
During this period, the negative OLR anomaly in the tropics is located over the eastern 
Indian Ocean and maritime continent (Fig. 3.9b and c). The Pacific storm track 
strengthens across the North Pacific between 35°N and 60°N and weakens over the 
tropical-subtropical eastern Pacific. The slightly enhanced synoptic eddy activity 
(positive HF EKE anomalies) over the tropical-subtropical central Pacific is consistent 
with the presence of a “leakier” waveguide over the North Pacific during this stage of 
MJO as discussed by Matthews and Kiladis [1999]. The major difference is here we focus 
on eddies with shorter timescales (2-8 day versus 6-25 day). As the negative OLR 
anomaly moves eastward over the equatorial Pacific, the dipole storm track anomaly of 
Fig. 3.10a propagates northeastward and the relative amplitude of the two centers of 
action also evolves. In period II (day +15 to day +29), the center of the enhanced tropical 
convection is now over the tropical western-central Pacific (Fig. 3.9d and e). The 
corresponding HF EKE field (Fig. 3.10b) now indicates largely suppressed synoptic eddy 
activity (negative HF EKE anomalies) north of 35°N and enhanced eddy activity over the 
tropical-subtropical eastern Pacific. The overall anomaly distribution is almost the same 
compared to that in Period I (Fig. 3.10a) but with opposite signs. Over the 
tropical-subtropical central Pacific, the HF EKE anomalies are weakly negative at this 
stage, which is in contrast with the positive values found in Period I. The similarities 




the second and third EOF mode indeed reflect respectively two consecutive stages during 
the intraseasonal coupling between the HF EKE and tropical OLR, and 2) the response of 
the North Pacific storm track to the intraseasonal variation in tropical convection is 
largely linear. In general, this intraseasonal modulation can be described as a 
northeastward-propagating, amplitude-varying dipole anomaly in the HF EKE field. If 
counting in the weak yet distinct anomalies over the tropical-subtropical central Pacific, 
the synoptic eddy activity over the North Pacific is characterized by a tri-pole pattern. 
 
 
Figure 3.10: Composite intraseasonal storm-track anomalies in terms of the vertically 
(925–200 mb) averaged SEKE during (a) period I (b) and period II. Please refer to the 




. Solid (dashed) 
contours correspond to positive (negative) values and 0 contours are highlighted. 




To explore the potential feedback of storm track anomalies to tropical convection, 
we document the temporal evolution of the meridional propagation of synoptic eddy 
energy across a subtropical zone (15°N-20°N) and compare this evolution to that of the 
synoptic variability in the tropical (0°-15°N) OLR during the course of a MJO event. The 
direction of eddy group velocity is approximately quantified by the barotropic E-vector, 
 vuuvEEE yx  ,),( 22

, where u  and v  are the synoptic eddy component of 
the zonal and meridional wind, respectively, and overbar indicates time-averaging 
[Hoskins et al., 1983]. Fig. 3.11a is a longitude-time plot showing the anomalies of the 
2-8 day band-pass filtered tropical OLR variance (contour) between day -15 and day +30 
together with the corresponding anomalies of the meridional component of the 250mb 
E-vector ( yE ) averaged over 15°N-20°N (color shading). Between 140°E and 170°E, 
during the period day -15 to day +10, the equatorward propagation of synoptic eddy 
energy (negative values of yE  ) leads an enhancement of the tropical OLR variability by 
about 3-5 days. After day +10, the sign of yE  changes and poleward propagation of 
eddy energy is now evident across the subtropics between 140°E and 170°E. This 
propagation also slightly leads the suppressed tropical OLR variability between day +12 
and day +30. In Fig. 3.11b, the tropical OLR variance is replaced with the 30-90 day 
band-pass filtered OLR anomalies. A comparison between Fig. 3.11a and b indicates that 
enhanced (suppressed) synoptic variability of OLR is typically associated with negative 




+10 and day +25. The equatorward propagation of the synoptic eddy energy identified 
between day -15 and day +10 over 140°E-170°E thus suggests a positive feedback of the 
storm track response to the eastward advance of the MJO-related OLR signal in the 
tropics, in terms of both its synoptic variability and intraseasonal anomalies. Similar 
behavior for transient eddies with lower frequencies was discussed by Matthews and 




Figure 3.11: (a) Longitude–time plot of the composite intraseasonal anomalies of the 2–
8-day bandpass-filtered OLR variance (contours) averaged over 0°–15°N and the 
composite intraseasonal anomalies of Ey (color shading) averaged over 15°–20°N. (b) As 
in (a), but for the contours now corresponding to the composite intraseasonal (30–90-day 





 in (a) and 0.2 W m
−2
 in (b). Solid (dashed) contours correspond to positive 





refer to the text for the definition of day 0. 
3.2.5. Energetic Processes Contributing To Storm Track Anomalies 




processes contributing to the composite anomalies of HF EKE in periods I and II (Fig. 
3.10). The discussion is focused on the four main conversion terms on the RHS of 
(3)—namely, the energy flux convergence (EFC), barotropic conversion (BT), baroclinic 
conversion (BC), and the generation of HF EKE due to CFEI. The CFEI term is further 
decomposed into HH, HI, HL, and HIL (please refer to the definitions in Chapter 2) to 
identify the most important component of the cross-frequency eddy–eddy interaction. 
Since energy conversion terms represent only the “tendency” of the local HF EKE, the 
composite intraseasonal anomalies of these terms are time shifted and constructed for 
periods preceding previously defined periods I and II. Specifically, the energy composites 
for period I (II) are averages over day −12 to day +2 (day +10–day +24) and are shown in 
Fig. 3.12 (Fig. 3.13). Figures 3.12a–e correspond to the mean HF EKE tendency, EFC, 
BT, BC, and CFEI, respectively. The mean HF EKE tendency in Fig. 3.12a has a 
distribution very similar to that of the HF EKE anomalies of period I shown in Fig. 3.10a, 
which demonstrates that the choice of the averaging period for energy conversion terms is 
appropriate. The magnitudes of the anomalies of EFC, BC, and CFEI are comparable, 
indicating equally important contributions to the HF EKE tendency by all three processes. 
It is also worth noting that the values of the individual conversion terms are typically an 
order of magnitude larger than those of the mean HF EKE tendency, implying substantial 






Figure 3.12: Composite intraseasonal anomalies of the (a) SEKE tendency, (b) EFC, (c) 
BT, (d) BC, (e) CFEI, and (f) HL for the period (day −12 to day +2) relevant to period I 












 for the 
rest. Solid (dashed) contours correspond to positive (negative) values and 0 contours are 
omitted. Displayed are values reaching the 95% significance level. 
 
In Fig. 3.12a, an above-normal growth rate of HF EKE is found north of 40°N, 
extending from the northwestern North Pacific to western North America. This 
above-normal growth is collectively contributed by positive anomalies of BC over the 
northwestern North Pacific east of Japan (Fig. 3.12d), positive anomalies of CFEI over 
the eastern Pacific (Fig. 3.12e), and positive anomalies of EFC over western North 
America (Fig. 3.12b). The below-normal growth rate of HF EKE over the subtropical 




(Fig. 3.12d) with secondary contributions from EFC (around 140°W, 25°N, Fig. 3.12b) 
and CFEI (around 130°W, 20°N, Fig. 3.12e). The BT anomalies (Fig. 3.12c) are 
concentrated around 40°N, generally negative, and have smaller amplitudes compared to 
other conversion terms. They have minor negative (positive) contributions to the HF EKE 
tendency north (south) of 40°N. After comparing the four components of the eddy–eddy 
interaction term (i.e., HH, HI, HL, and HIL), we found that the interaction between 
synoptic eddies and LF dominates the CFEI anomalies seen in Fig. 3.12e. Shown in Fig. 
3.12f, the distribution of HL anomalies is approximately characterized by a dipole 
structure in the zonal direction across the midlatitude North Pacific. It indicates that 
substantial amounts of HF EKE are generated (lost) through the interaction between the 
synoptic eddy and intraseasonal eddy component of the flow over the eastern Pacific 
(western-central Pacific). 
The mean HF EKE tendency in Fig. 3.13a is also consistent with the HF EKE 
anomalies observed during period II (Fig. 3.10b). Similar to the previous period, the 
below-normal growth rate north of 40°N is contributed by negative BC anomalies (Fig. 
3.13d) over the northwestern North Pacific, negative CFEI anomalies over the eastern 
Pacific (Fig. 3.13e), and negative EFC anomalies over the eastern Pacific–western North 
America (Fig. 3.13b). The enhanced HF EKE growth south of 40°N is primarily 
associated with positive BC anomalies over 180°–130°W (Fig. 3.13d) and positive EFC 




to other conversion terms and have minor negative (positive) contributions to the HF 
EKE tendency north (south) of 40°N (Fig. 3.13c). During this stage, CFEI (Fig. 3.13e) is 
also dominated by HL (Fig. 3.13f) with the signs of the zonal dipole reversed compared 
to the previous stage (Fig. 3.12f). Significant loss of HF EKE due to the interaction 
between synoptic eddies and intraseasonal flow is now seen over the eastern Pacific. 
 
 
Figure 3.13: As in Fig. 3.12, but for the period (day +10–day +24) relevant to period II 
HF EKE anomalies. 
 
From Figs. 3.12 and 3.13, we may conclude that the storm-track response to 




important changes in the convergence of energy flux, baroclinic conversion, and HF EKE 
generation due to the interaction between synoptic eddies and intraseasonal flow. Both 
the magnitudes and signs of these three terms have large spatial variations and also 
evolve during the course of a typical MJO event. Among these processes, EFC and CFEI 
are, respectively, linked to the properties of a wintertime–mean flow and intraseasonal 
flow anomalies that often appear in the form of barotropic Rossby waves forced directly 
by anomalous tropical heating [e.g., Matthews et al., 2004]. The significant contribution 
of HL to the HF EKE anomalies thus suggests the importance of the “direct” extratropical 
response to MJO variability in setting up the storm-track anomalies associated with the 
MJO. The HF EKE budget analysis done here serves a first step toward understanding the 
rather complicated processes of eddy–mean flow interaction and eddy–eddy interaction 
involved in the development of the extratropical response to MJO variability. 
3.2.6. Precipitation over Western North America. 
Coastal cyclonic activity in winter largely determines the year-to-year fluctuations 
of the precipitation characteristics over western U.S. [Myoung and Deng, 2009]. Here, as 
an initial effort to study the subseasonal, downstream precipitation impact of the Pacific 
storm track, we compare the temporal evolutions the intraseasonal anomalies of 
precipitation and HF EKE over the eastern North Pacific during the course of a MJO 




(color shading) anomalies averaged over 160°W-130°W (see Section 2 for a definition of 
day 0). The precipitation signal is characterized by a three-band anomaly (“dry-wet-dry”) 
propagating poleward from day -25 to day 25. The precipitation anomalies are largely in 
phase with those of HF EKE, i.e., above (below) normal precipitation corresponds to 
enhanced (suppressed) HF EKE, which is particularly strong after day -10. Due to this 
non-stationary, three-band precipitation anomaly, the region over the eastern Pacific 
between 25°N and 45°N experiences a transition at day 0 from a dry to a wet regime and 
each regime lasts approximately 20 days. South of 20°N, two transitions, dry to wet and 
wet to dry occur respectively around day -15 and day 5. In Fig. 3.14b, the color shading 
is replaced with the anomalies of the 2-8 day band-pass filtered OLR variance over the 
eastern Pacific. Positive (negative) precipitation anomalies are found at regions with 
enhanced (suppressed) synoptic variability in OLR in the time-latitude space. This further 
confirms the effect of storm track modulation on the intraseasonal variability of 






Figure 3.14: (a) Time–latitude plot of the composite intraseasonal anomalies of 
precipitable water (contours) and SEKE (color shading) averaged over 135°–120°W. (b) 
As in (a), but the contours now correspond to the composite intraseasonal anomalies of 
precipitation. Contour interval is 0.05 mm in (a) and 0.025 mm day
−1
 in (b). Solid 
(dashed) contours correspond to positive (negative) values and 0 contours are omitted. 





3.2.7. Section Conclusions 
This diagnostic study examines the response of the Pacific storm track to the 
intraseasonal variation in tropical convection characteristic of a typical MJO event in 
boreal winter. A MEOF analysis conducted on the 30–90-day bandpass-filtered tropical 
OLR and mass-weighted, vertically-averaged HF EKE field reveals a pronounced dipole 
anomaly of the Pacific storm track propagating northeastward as an OLR couplet moves 
from the East Indian Ocean to the western-central Pacific. This movement roughly 
corresponds to the phase 4–phase 6 evolution of MJO according to the multivariate MJO 




storm-track response into two periods with period I and II corresponding to the days 
when the center of enhanced tropical convection (largest negative OLR anomalies) is 
located over the eastern Indian Ocean–Maritime Continent and the equatorial 
western-central Pacific, respectively. Case compositing for the HF EKE anomalies during 
these two periods confirms that the storm-track response to the intraseasonal variation in 
tropical convection can be described as a northeastward-propagating, amplitude-varying 
dipole anomaly in the HF EKE field. A tripole anomaly pattern in the North Pacific HF 
EKE field is identified if counting in the weak yet distinct HF EKE anomalies found over 
the tropical–subtropical central Pacific. During period I, over 140°–170°E, the anomalous 
equatorward propagation of transient energy over a subtropical zone (15°–20°N) 
contributes to a higher level of synoptic variability in the tropical OLR, which projects 
into the negative, eastward-propagating intraseasonal anomalies of the OLR. This 
constitutes a positive feedback of storm-track response to MJO-related variability in 
tropical convection. 
A diagnosis of the local HF EKE budget shows that three energy conversion 
processes (i.e., convergence of energy flux, baroclinic conversion, and generation of HF 
EKE due to interaction between synoptic eddies and intraseasonal flow) are nearly 
equally important in terms of contributing to the HF EKE anomalies observed during the 
two periods. The relative magnitude and spatial distributions of these three conversion 




significant roles played by eddy–mean flow interaction and eddy–eddy interaction in the 
development of the extratropical response to MJO variability. Accompanying the 
evolution of the tropical OLR, an anticyclonic (cyclonic) circulation anomaly in the 
upper-tropospheric intraseasonal flow, and to its south, a cyclonic (anticyclonic) 
circulation anomaly, develops over the North Pacific during period I (period II). The 
anticyclonic (cyclonic) circulation anomaly found during period I (period II) is part of a 
Rossby wave train forced primarily by anomalous tropical heating associated with the 
MJO. The eastern and northern portions of these circulation anomalies, however, are 
partly maintained by the anomalous synoptic eddy forcing that is quantified in terms of 
the divergence–convergence of the barotropic E vector. The last part of the analysis is an 
initial effort to quantify the subseasonal, dynamical control of the Pacific storm tracks on 
the hydroclimate variability over its downstream region. Associated with the HF EKE 
anomalies identified here, a three-band (dry–wet–dry) precipitation anomaly forms and 
propagates poleward over the eastern North Pacific and the coastal region of western 
North America during the course of an MJO event. The region between 25° and 40°N 
makes a transition from a wet to a dry regime around day −5 (i.e., when the center of 
enhanced tropical convection reaches 110°E), with each regime lasting approximately 25 
days. North of 40°N, two transitions occur at day −10 and day +15, respectively. Future 
research efforts will include a quantification of the predictive skill resulting from the 
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CHAPTER 4  
ATMOSPHERIC RIVERS AND INTERMEDIATE FREQUENCY 
DISTURBANCES: LINKAGE BETWEEN WEATHER EXTREMES 
4.1 A Newly Developed AR Detection Algorithm 
The methods to detect AR can be categorized into different groups, depending on 
whether they use AR characteristics, atmospheric variables or coordinate frameworks for 
identification. For example, Lagrangian framework [e.g., Bao et al., 2006; Dirmeyer and 
Brubaker, 2007; Gimeno et al., 2010; Knippertz and Wernli, 2010; Stohl and James, 2005] 
versus Eulerian framework [e.g., Guan et al., 2011; Lavers et al., 2011; Neiman et al., 
2008b]; Integrated Water Vapor (IWV) based algorithm [e.g., Neiman et al., 2008b] 
versus moisture flux based algorithm [e.g., Zhu and Newell, 1998]; extreme event oriented 
identification [Byna et al., 2011] versus spatial structure oriented identification [e.g., Jiang 
and Deng, 2011; Lavers et al., 2012; Wick et al., 2012]. Based on an AR-like structure 
detection algorithm they developed, Jiang and Deng [2011] propose an idea of “AR 
probability” which quantifies the AR activity with respect to the odds of its occurrence. 
Using this, they construct the first AR activity climatology over North Pacific.  
Presently, we develop a new algorithm for AR-like structure detection based on IWV; 
the step by step procedures are presented as follows:  




max( )r zmean z zmeanQ Q A Q Q   , and 
max( )r mmean m mmeanQ Q B Q Q   .          (7) 
whereby, Qzmean denotes the zonal mean IWV along the same latitude of the grid point 
under consideration and Qzmax is the maximum value of IWV found along that latitude. 
Similarly, Qmmean denotes the meridional average of IWV between 0° and 90°N along the 
longitude of the grid point and Qmmax is the maximum value of IWV found along that 
longitude between 0° and 90°N. Parameters A and B are assigned to 0.3 and 0.1 
respectively; however, these two values are arbitrary and adjustable to best capture the 
filamentary structure of AR. 
2) The criterion of IWV > 20 mm is applied to the result from step 1, meanwhile, the 
southernmost boundary is set to 15° N. 
3) A “connected components labeling” algorithm [Liu et al., 2008] is used to filter 
out smaller scale structures; AR with a total area smaller than 52.5 10  km
2
are screened 
out from the daily map. 
4) Estimate the general shape of selected region by putting a minimum sized 
rectangle box and estimate the fraction it occupies. If the fraction is less than 3/4 (so it is 
elongated, and the ratio of length to width is less than 2:1), then the labeled pattern can be 
retained. 
5) Next, the orientation of the selected pattern is measured by regressing the latitudes 




northeast (0 degree ~ 90 degree from the east). 
6) Finally, all the retained regions are flagged as 1, else, the flag is set to 0. 
Based on this more sophisticated AR detection algorithm, the climatology of AR 
probability is constructed and shown in Figure 4.1 for reanalysis data (Fig. 4.1b) and T85 
(Fig. 4.1a) and T341 (Fig. 4.1c) resolution simulation output. Over the west coast of the 
U.S., the AR occurrence probability from the MERRA data is about 10%, which is in good 
agreement with a previous study [Dettinger et al., 2011]. Clearly, both medium (T85, Fig. 
4.1a) and high (T341, Fig. 4.1c) resolution simulations reproduce the AR distribution well 
over the west coast compared with MERRA. We can estimate the ratio of AR induced 
extreme precipitation by matching the AR-like structure and extreme precipitation (99
th
 
percentile) on daily map along a dilated west coast belt. The distribution from MERRA 




N is more likely 
affected by AR events, because over 70% of the extreme precipitation events are 
AR-related. Whereas, applied the same algorithm to the two simulations, the high 
resolution simulation (T341) correctly captures the spatial distribution and much of the 
magnitude (Fig. 4.1f), but the pattern with the medium resolution shows an obvious 
southern bias, with the maximum value located around 35
o






Figure 4.1: AR activity over the west coast U.S. winter season (December – January). 
Climatology of the AR activity probability derived from (a) T85 simulation; (b) MERRA 
reanalysis data; (c) T341 simulation. The ratio of AR induced extreme precipitation (99
th
 
percentile) is also shown for (d) in T85 simulation; (e) MERRA reanalysis data; (f) T341 
simulation. (Unit: percentage). 
4.2 An Attempt Towards An Objective AR Detection: The Complexity And 
Challenge 
As introduced in Section 4.1, AR events can be identified and measure through 
several approaches. Among them, algorithms that use IWV field are better accepted by the 
community, because it is essentially how we are aware of the event from the satellite image 




in satellite data. 
From technical aspect, most of the algorithms [e.g., Neiman et al., 2008a] used by 
now are based on the thresholds described in Ralph et al. [2004, total water vapor > 20mm; 
length > 2000km; width < 1000km]. These algorithms can roughly detect the occurrence of 
the events that made landfall (IWV> 20mm and AR must reach the continent), which, 
make the result subjective to some criteria beside the feature of AR itself. In Byna et al. 
[2011], they develop a new approach not only by the amplitude and landfall of IWV, but 
also employ a “connected component labeling method” [Liu et al., 2008， based on binary 
pixels connectivity] to screen the horizontal shape of areas which the IWV exceed 20mm 
and use this to decide the occurrence of event. 
It is worth emphasizing the term “event”, because AR events are observed only when 
they have already made significant influence over certain regions (western North 
America / Western Europe). However, most of the algorithms can’t provide information 
on what the phenomenon “looks like”, such as position, length, width and source region, 
which are used to describe the AR in almost all the studies; moreover, on the developing 
stage of AR, monitoring the AR-like pattern is crucial for the predictability and 
preparation of extreme events in coastal regions. 
The task ongoing tries to find out an objective way to detect and quantify AR-like 
pattern by its own characteristics. The finding will help us identify the main axis, the width 





Figure 4.2: An attempt on an objective detection of AR pattern. On top panel, the IWV 
field (date: November 7
th
 2006) is transformed into a grayscale image (the brighter the 
color, the higher the amplitude); in the middle panel, the edge (white color) of potential 
AR pattern is detected and overlaid on top of the grayscale image; in the bottom panel, the 
skeleton of the AR is plotted (black lines). 
 
Some initial result is shown in Figure 4.2. In this image, the AR edge is defined 
primarily based on its gradient; and its skeleton is identified by tracking the local maxima 
on the grayscale map. The detections of AR edge and axis are processed independently 
through the standard image processing approaches, but if we can combine these two 
results, we can objectively identify not only the length and position (by the information 
from the black axis) of AR, but also the width (by the information from the white edge) 




However, there are two big challenges in achieving the purpose. The first challenge 
is how to get rid of the side branches from the main axis (which has a generally 
southwest-northeast orientation and large IWV amplitude); and the second issue need to be 
addressed is how to automatically associate the edge with the existing axis. 
For the first challenge, the axis can be treated as a “graph traversal” problem, since 
every identified axis pixel are potentially connected to 1 (leaf), 2(normal axis point) or 3 
(node) pixels. Therefore, the work left for the “axis” part is to find a way to optimize this 
“graph traversal” problem to best capture the orientation, the origin, the length and the 
intensity of AR from daily map. The second problem can be optional, because in some 
sense, the width of AR can be arbitrary decided by the amplitude of IWV or use constant 
width threshold to identify the affected region on the map. In any case, if we can combine 
the edge information, the detection of AR-like pattern would be more objective and 
accurate. 
4.3 Downstream Modulation of the AR by EACS: Observation and Simulation 
4.3.1. Motivation 
East Asia Cold Surge (EACS) is one of the most efficient mechanisms in Earth’s 
climate system through exchange of the kinetic and potential energy between high latitudes 




snowstorms and freezing rain, bring tremendous social and economic impacts over East 
Asian countries, including the second and third largest economies [Chang, 2004].  
Associated with strong northwesterly winds that originate from Lake Baikal, EACS 
sweep across East Asia and cause steeply rising surface pressure and sharply lowering of 
the surface temperature [Wang, 2005]. Once these cold and dry airmasses approach the east 
coast and encounter the warm and moist airmasses over the East China Sea and Sea of 
Japan, atmospheric disturbances brought about by this strong contrast are strengthened 
immediately in this region [Kung and Chan, 1981]. Studies on the initiation of EACS, as 
well as their interaction with tropical-extratropical planetary-scale circulations such as jet 
stream, Hadley Circulation, Walker Circulation [e.g., Chang and Lau, 1980; C-P Chang 
and Lau, 1982] and ENSO [Chen et al., 2004] reveal that the conspicuous role of synoptic 
scale features within surge event. By using 11 individual EACS events in winter 1978/79, 
Lau and Lau [1984] constructed the composite synoptic charts and illustrate that the HF 
disturbances and LF disturbances are distinguished with respect to their three-dimensional 
structure and energetics: accompanying the cold surges, the HF disturbances are organized 
in the form of extratropical cyclone and migrate along the northwest boundary of North 
Pacific from East Asia to the Gulf of Alaska, while the LF disturbances propagate 
equatorward and its shape elongated zonally. In a survey of various phenomena associated 
with East Asian monsoon (EACS) given by Lau and Li [1984], it is suggested that the 




downstream circulation regimes by the collaboration of tropical and midlatitudes systems. 
Because the plume-like structure of AR is so thin (~400 km) and long (>1000 km), it 
is important to be aware that the spatial resolution is a vital factor in identifying the 
phenomenon from either the long term climatology dataset or in simulating its feature from 
Global climate model (GCM). For example, with a grid spacing of about 1.3 degrees (e.g. 
T85 spectral), the width of AR is barely resolved by 3 grid points; whereas models with 
grid spacing of about 1/3 degrees can resolve AR with 13 grid points across. Therefore, 1/3 
degrees enables the event location to be captured more accurately, and also the gradient and 
plume features are resolved more precisely.  
Due to the span of influence across the Earth, GCM simulations are the optimal 
experimental framework to examine AR and their variability under various conditions. 
However, it has not been tractable to generate long global climate simulations at a spatial 
resolution adequate to resolve the AR until recently. In addition, large-scale dynamical 
effects that are captured with the coarser models can potentially be better represented at the 
finer spatial scale. There is evidence that increasing the horizontal resolution of global 
atmosphere models provides improved simulation of smaller scale features, such as 
precipitation [Li et al., 2011; Wehner et al., 2010] and tropical cyclones [Wehner et al., 
2010]. But analyzing the link between global and sub-global features in a GCM is not well 
documented yet because the necessary spatial resolution is only recently available. 




different resolutions, we will 1) establish causality between EACS and western U.S. 
precipitation using observationally based MERRA data and; 2) perform a similar analysis 
with medium and high resolution GCMs. This will enable an evaluation of the model 
performance, quantify the advantage of high resolution models in understanding scale 
interactions among different disturbances, and motivate more detailed investigation of the 
downstream modulation in future scenario runs. Section 4.4.2 will introduce the dataset 
and GCM and a revised AR detection algorithm and other general analysis methods are 
also discussed. Section 4.4.3 will present the response of AR and coastal precipitation 
following the EACS in both the observation and model. Section 4.3.4 will show the 
associated large scale circulation from both the observation and simulations over the same 
time period. Section 4.3.5 diagnoses the mechanism behind the scale interaction by 
partitioning the height tendency equation; and section 4.3.6 will discuss the relative 
importance of disturbances at different timescales. Section 4.4 will summarize the results. 
4.3.2. Data, Model and Methods 
This study uses the NASA Modern Era Retrospective-Analysis for Research and 
Applications (MERRA) dataset, which assimilates a number of state of the art water cycle 
products from satellite observation. The surface air temperature (SAT), integrated water 
vapor (IWV), geopotential height, specific humidity and horizontal wind fields for 






 latitude by 2/3
o
 longitude and 72 hybrid levels [Rienecker et al., 2011]. 
Because of its fine resolution, the IWV product from MERRA has served as the date source 
for AR detection and analysis in Section 4.1 already. 
Model simulations are conducted with the NCAR Community Climate System Model 
version 4 (CCSM4) [Gent et al., 2011]. CCSM4 as configured for this study is comprised 
of an active global spectral atmosphere model (CAM4) for two different horizontal 
resolutions T85 and T341,which correspond to approximately 1.4° and 0.3° grid spacing, 
respectively. The Community Land Model (CLM4) is the active land model coupled to 
CAM4 and is configured with a grid of 0.9° latitude by 1.25° longitude. The sea-ice model 
uses climatological sea-ice coverage and the ocean model is represented with 
climatological, monthly-averaged sea surface temperatures [Rayner et al., 2006]. More 
details of the model configuration can be found in Evans et al. [2013]. Both the T85 and 
T341 model configurations were initialized with land datasets spun up from a previous 
CCSM4 production run using the FV dycore of comparable resolution [Evans et al., 2013]. 
To initialize the atmosphere, outputs from a comparable preindustrial configuration were 
used. 
To identify the large scale extreme EACS events, a daily index for winter time 
(October-March) is constructed with averaged SAT over East Asia (100°E–130°E, 20°N–
40°N, Figure 4.3a). Then, a 30-day highpass filter is applied to this index. Two criteria are 




deviation, 2) and successive events must be at least 5 days apart. [based on the typical 
EACS frequency; Zhang et al., 1997] The identified local minimum represents the peak of 
each EACS event and are labeled “day 0” in the following analysis. Applied to MERRA, 
35 extreme events are identified, and they are in good agreement with the EACS events 
identified by Park et al. [2011] through a different definition. The mean feature of the SAT 
at the peak (day 0) of EACS is shown in Figure 4.3. 
 
 
Figure 4.3: Mean surface air temperature feature of East Asia cold surge in MERRA data. 
(a) Distribution of SAT anomaly on the peak of EACS (day 0); (b) SAT time series 
averaged over the red box as indicated in (a) from day -10 to day 10. (Unit: K) 
 
Finally, a Lanczos filter [Duchon, 1979] with 203 weights is used throughout this 
study to isolate fluctuation in different timescales. The choice of 203 weights guarantees 
the tradeoff between Gibbs phenomenon and the sharpness of stop-band. Standard daily 
composite analysis is employed to reveal the downstream impact of EACS on the North 
Pacific atmospheric circulation and moisture transport. The significance levels throughout 




4.3.3. The Response of AR Probability And Coastal Precipitation To EACS Events 
Using the detection algorithm to identify AR in MERRA, T85 and T341 simulation 
data, the day-to-day evolution of coastal AR probability following the extreme EACS 
event is shown in the left column of Figure 4.4 (Fig. 4.4a, c, e) respectively. Based on the 
results from MERRA (Fig. 4.4c), immediately after the peak of EACS event (day 0), the 
North Pacific AR activity is less likely observed over the West coast of the U.S. north of 
35
o
N. From day 2 to day 8, however, the activity of AR is enhanced significantly, and the 




N, region which 
is the most vulnerable to AR-induced extreme precipitation. It is important to point out that 
although the amplitude only exceeds 5% in either phase, the whole evolution indicates a 
roughly 100% phase transition relative to its climatology. The anomalous AR activity also 
projects onto the precipitation anomaly (Fig. 4.4d), changing from a suppressed to 
enhanced phase as well as southward propagation along the coast region following the 
EACS. About 7 to 9 days after the peak of the EACS event, the North California coast 






Figure 4.4: Composite response of AR activity probability (left) and precipitation (right) 
over the west coast of the U.S. to the EACS events. Dashed contours indicate 90% 
significance level. Left column: AR probability (unit: %); right column: precipitation (unit: 
mm/day). Both columns show T85, MERRA and T341 from top to bottom. 
 
In the medium-resolution simulation (T85) data, the most prominent feature is the 
significantly southward shift of the AR activity (Fig. 4.4a) immediately after the peak of 
EACS, the north-south dipoles pattern maintains up to day 6. In the following 2 days, AR 
activity over the West coast U.S. is suppressed entirely. From day 8, the ARs become very 
active with a maximum increase of more than 5%. Associated with the distinct AR 
evolution, the precipitation anomaly (Fig. 4.4b) also exhibits a north-south dipole feature 
and the sign was reversed on day 6. 




to the observationally derived data. The AR probability anomaly increases 2 days after the 





N experiences by enhanced AR activity for more than 10 days (beyond day 12). With 
T341, the associated precipitation anomaly (Fig. 4.4f) is above than normal from day 7 to 
day 9 over the coastal region as with MERRA. Overall, the downstream responses of AR 
activity and coastal precipitation suggest good agreement between MERRA and T341 
simulation; whereas, these features are missed in the T85 simulation. 
4.3.4. The large-scale circulation following the EACS 
To understand the inconsistency between simulations with different resolutions 
depicted in Section 4.3.3, it is instructive to construct and examine the flow and moisture 
transport in the troposphere over the same time period. The panels in Figure 4.5 show the 
height anomaly (color shading) in the mid-troposphere, overlain by the moisture transport 
anomaly (arrows) in the lower troposphere over the North Pacific following the peak of 
EACS based on MERRA data. Immediately after the EACS approaches its mature stage 
(Fig. 4.5b), an intense trough is brought about over Sea of Japan with height change of 
more than 160 m. At the same time, an anticyclonic height anomaly is to the East but the 
peak amplitude is only about half of its cyclonic counterpart. After that, the cyclonic 
pattern migrates northeastward along the coast of the Eurasian continent (Fig. 4.5e) and 




anomaly branch slows and is locally enhanced over eastern North Pacific (Fig. 4.5k). 
 
 
Figure 4.5: Composite of the 500 hPa geopotential height anomaly (color shading, unit: 
meter) and water vapor transport anomaly (vector) at 850 hPa following the peak (day 0) of 
EACS events. Dashed contours indicate the height anomaly exceeds 90% significance 
level and vectors plotted on the map indicate at least one component of the moisture flux 
exceeds 90% significance level. Results from T85 simulation are presented on the left 
column; the middle column is for the MERRA reanalysis data; the right column is for the 
T341 simulation. From top to bottom are result from day 0 (peak of EACS events) to day 6, 





A composite of the water vapor transport anomaly in the MERRA data is also shown 
on the middle column of Figure 4.5. When the EACS approaches its peak amplitude (Fig. 
4.5b), on day 0, a significant amount of water vapor is pumped from the western Pacific 
northward and brings about significant weather affecting the Japan and Korean peninsula. 
Over the central North Pacific, the moisture flux anomaly illustrates suppressed poleward 
water vapor transport in this region; meanwhile there is only scattered moisture flux 
anomaly activity over the eastern North Pacific. 2 days later (Fig. 4.5e), the pattern of the 
moisture flux anomaly moves eastward slightly. At the same time, some of the poleward 
moisture transport anomaly starts to appear over eastern North Pacific. After 4 days from 
the peak of EACS (Fig. 4.5h), anomalous water vapor transport over most of the North 
Pacific basin exhibits southward progression. However, the most prominent feature is the 
significant north-eastward anomalous flux of moisture, which represents a well-defined 
narrow moisture corridor that transports the water vapor from subtropical (and possibly 
tropical) eastern Pacific to the west coast of the U.S. in the midlatitudes. On day 6 (Fig. 
4.5k), the water vapor flux anomaly becomes less organized, although a significant 




N poleward in this region. Combining the 
development of the flow anomaly with the evolution of the AR probability as well as 
precipitation reveals that the AR and precipitation over west coast of U.S. in this case are 
primarily determined by the large scale circulation anomaly. 




also presented in Figure 4.5. The height anomaly as well as the moisture flux are both 
stimulated immediately after the peak (day 0) of EACS (Fig. 4.5a, c) in the western North 
Pacific sector, although the strength of the trough-ridge pattern is less intense in T85 
simulation, as is the moisture flux anomaly. On day 2 (Fig. 4.5d, f), the big cyclone in both 
simulations exhibit slower than observed, nonetheless, north-eastward migration, although 
T85 is slower than T341. The peak responses for both T85 and T341 on day 0 are situated 
in the same location. On day 4 (Fig. 4.5g, i), the cyclonic circulation patterns between T85 
and T341 are distinct; in the medium resolution version (T85), the migration slows down 
over the Sea of Okhotsk and weakens at the same time; whereas, in the high resolution 
simulation (T341), the negative anomaly extends to the Gulf of Alaska, but the amplitude 
is still smaller than observational (MERRA) data. With respect to the water vapor transport 
anomaly on day 4, the T85 simulation exhibits poleward transport west of date line, but 
equatorward anomaly over eastern North Pacific. In other words, the T85 doesn’t capture 
the water vapor transport feature over eastern North Pacific; whereas, the T341 simulation 
depicts eastward water vapor transport over North Pacific, and roughly reproduces 
northeastward moisture flux anomaly in eastern portion of North Pacific. After about 6 
days, the height and moisture flux anomalies in T85 (Fig. 4.5j) are completely different 
from observations, the cyclonic pattern recesses to Siberia, and the pre-existing negative 
height anomaly over western North America is also weakened simultaneously. Because of 




Gulf of Alaska region. In the T341 simulation, on day 6 (Fig. 4.5l), the prominent feature is 
the trough structure over eastern North Pacific. Associated with this, the northeastward 
transport of water vapor is also enhanced. Note that the negative height anomaly in T341 is 
slightly removed from the west coast of the U. S., so a large portion of the moisture 
transport is retained over the ocean. However, this trough moves gradually beyond day 6, 
and can be observed even on day 10 (not shown), which partly explains the prolonged AR 
anomaly in T341 simulation (Fig. 4.4e). 
4.3.5. Dynamical Processes Underlie the Downstream Development 
The downstream modulation by EACS not only strongly determines the atmospheric 
circulation over western North Pacific, but it also significantly alters the flow pattern off 
the west coast of North America. This impact determines the activity of AR in this region 
and further transforms into significant inland precipitation. Jiang and Deng [2011] suggest 
that the trough structure over eastern North Pacific is primarily represented by IF and LF 
fluctuations based on a spatial projection analysis. However, this does not address what 
and how the dynamical processes evolve and produce this large scale anomaly.The 
quasi-geostrophic height tendency equation is employed to examine the dynamical 
processes that make up the event. Following Nakamura et al. [1997], in the upper 










            (7) 
here, Z is geopotential height, fo is the Coriolis parameter at 43
o
N (= 1×10-4s-1); g is the 
acceleration of gravity;V  is the horizontal wind;   is the relative vorticity;   is the 
variation of the Coriolis parameter with latitude; and v is meridional wind. 
The wind components and vorticity on 200 hPa are further partitioned into 4 
timescales, namely, high frequency (HF, 2-8 days), intermediate frequency (IF, 8-30 days), 
low frequency (LF, 30-90 days) and seasonal mean (M). Therefore, the height tendency 
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the H, I, L, M denote HF, IF, LF and mean flow components respectively. 
 On the right hand side (RHS), the first 4 terms (HH, II, LL, MM) represent the 
forcing by vorticity flux in different timescales, the following 3 terms (HI, HL, IL) indicate 
the forcing by vorticity fluxes through cross frequency interaction, the next 3 terms (HM, 
IM, LM) are forcing associated with eddy-mean flow interaction, and the last term is the 
forcing of planetary vorticity flux, which is kept in its original form as background forcing. 
Because the height tendency represents the average rate of height change, we present only 




Shown in Figure 4.6 is the height tendency associated with nonlinear interaction 
within IF disturbances (II). Clearly, the primary role of II term is to deepen and expand the 
large scale polar vortex in the upper troposphere following the EACS, as depicted in 
MERRA data (middle column). On day 1 (Fig. 4.6b), this process produces negative height 
anomaly north of 45
o
N with an amplitude exceeding 3 meter /day in most regions. 2 days 
later (Day 3, Fig. 4.6e), the influence of this term grows and expands southward. It clearly 
splits zonally into 2 branches with a northwest-southeast tilt of its southern component 
extending from East Asia to the west coast of North America. On day 5 (Fig. 4.6h), the 
center of action moves eastward, although the strength of this forcing is weakened as 
compared to day 3. Nonetheless, its distribution still positively contributes to the height 






Figure 4.6: Composite of the height tendency (unit: meter/day) forced by the interaction of 
IF eddies (II) after the peak of EACS events on “Day 1” (top row), “Day 3” (center row), 
“Day 5” (bottom row). Results are from MERRA reanalysis (Middle column), T85 
simulation (Left column) and T341 simulation (Right column). Dashed lines indicate 90% 
significance level. 
 
The response of the II term in the two simulations is also shown in Figure 4.6. The 
medium resolution simulation (T85) fails to capture the evolution of this process in several 
aspects. First of all, the general deepening effect in the mid-high latitudes is missing on day 
1 (Fig. 4.6a). Secondly, on day 3 (Fig. 4.6d), it produces some significant trough-like effect 
west of dateline. Moreover, although the significant negative anomaly extends to North 
America, its influence is limited to the high latitudes and the pattern depicts a 
southwest-northeast tilt (Fig. 4.6g). 








N on day 1 (Fig. 4.6c); this negative anomaly is enhanced significantly on day 3 
(Fig. 5f), which is similar to the southern branch in the observed height field, but the 
amplitude is slightly smaller than observed. The eastward movement of the trough-like 
tendency in MERRA data is also found in T341; on day 5 (Fig. 4.6i), the action center is 
across from Gulf of Alaska to western North American continent which enhances the off 
coast trough over eastern North Pacific. 
 
Figure 4.7: Same as Fig. 4.6 but for height tendency forced by the interaction between HF 
and IF eddies (HI). 
 
The height field forced by voriticity flux associated with HF and IF interaction (HI) is 
shown in Figure 4.7. In the observational data, following the EACS, the HI term produces a 




East Asia on day 1 (Fig. 4.7b), that fuels the migration of the big cyclonic circulation in this 
region; on day 3 (Fig. 4.7e), the region influenced by the HI term is east of the dateline with 
its maximum more close to North America. On day 5 (Fig. 4.7c), the negative height 
anomaly disappears, meanwhile, significant positive height anomaly occupies western 
North Pacific in the midlatitudes. 
Both of simulations fail to fully capture the features associated with this 





N associated with HI term (Fig. 4.7a); while with the T341, this term 
shows a significant, though weak, local enhancement (-2 m/day) of the trough structure 
over Sea of Japan (Fig. 4.7c). 3 days after the peak of EACS, the T85 simulation starts to 
show some negative height tendency over eastern coast of Eurasian continent (Fig. 4.7d). 
Whereas, the height tendency in T341 version exhibits northeastward shift as well as a 
significant enhancement (Fig. 4.7f), which has some correspondence to the observed 
pattern during day 1. Both simulations indicate the forcing of HI term exerts positive 
impact to the development of the cyclonic circulation over eastern North Pacific 5 days 
after the peak of EACS (Fig. 4.7g, i) which is not seen in the observation. 
The third term presented here is the forcing induced by the interaction between HF 
eddy and mean flow (HM). A well-defined wave train is found over North Pacific Basin 
after the peak of EACS and propagates toward the central-eastern Pacific (Fig. 4.8b), and 




day 5 (Fig. 4.8h), with considerable meridional elongation. The strength of the forcing is 
also intensified in the downstream region up to day 5 (~8 m/day), but it decays quickly 
after that (not shown). The overall effect of the HM term in the midlatitudes is to advect the 
HF eddies to the east of the dateline and help the expansion of the negative height anomaly 
on day 6 (Fig. 4.8k) south of the Bering Strait. 
 
Figure 4.8: Same as Fig. 4.6 but for height tendency forced by the interaction between HF 
eddies and mean flow (HM). 
 
The height tendency associated with HM term in the high resolution simulation (T341) 
indicates a similar pattern as observations, but the amplitude is less pronounced (Fig. 4.8c, 
f); T341 doesn’t reproduce the meridional expansion on day 5, though a preceding negative 




observations. On the other hand, the T85 version underestimates the wave train structure 
after the event (Fig. 4.8a, d, g), and only produces some scattered and less organized height 
tendency anomaly over North Pacific, impling a possible inaccurate representative of the 
eddy mean flow interactionmedium. 
The height tendency induced by IF eddies and their interaction with the mean flow 
(IM) is the most important forcing term for the circulation anomaly over Eastern Pacific 
where the AR activity is strongly modulated. 1 day after the peak of EACS (Fig. 4.9b), the 
IM term produces a dipole structure with a large negative height tendency anomaly (< -20 
m/day) east of Japan and an adjacent positive height tendency downstream; this indicates 
an eastward propagation of the trough-ridge pattern in the North Pacific basin. The IM term 
also contributes to the negative height anomaly north of 55
o
N, and the amplitude is about 2 
m/day. The dipole pattern is still well organized, and it moves eastward gradually on day 3 
(Fig. 4.9e), however, the dipole structure in the midlatitudes is more zonally elongated as 
compared with day 1. The negative height tendency in the high latitudes is further 
enhanced, and it extends from East Asia to North America, helps the buildup of the coast 
trough south of Gulf of Alaska. On day 5 (Fig. 4.9h), a negative height tendency center 
appears across the west coast of North America, and the trough-like anomlay deepened at a 
rate of about 6~8 m/day on this stage. The dipole structure in the central North Pacific is 






Figure 4.9: Same as Fig. 4.6 but for height tendency forced by the interaction between HF 
eddies and mean flow (IM). 
 
Both high and medium resolution simulations generally capture the dipole pattern 
associated with IM term in the midlatitudes on day 1 at east of Japan (Fig. 4.9a, c), however, 
the negative height tendency in the high latitudes is not quite consistent with respect to 
amplitude or distribution compare with observes. This negative height tendency moves 
eastward on day 3 (Fig. 4.9d, f) along with a prominent meridional elongation. At the same 
time, the extension of negative anomaly over eastern North Pacific is captured by T341 
simulation only. The greatest distincton between the simulations and observation is found 
on day 5, for T85 (Fig. 4.9g), the dipole pattern in the midlatitudes is much more 




The pattern determines the off coast trough and thus the moisture transport corridor over 
eastern North Pacific-North America, and it is not well defined. For T341 (Fig. 4.9i), the 
IM term exhibits the trough like height anomaly over eastern Pacific, though its location is 
slightly westward from the coast. The difference in IM term forcing reveals the weak and 
delayed moisture transport and resulting precipitation anomaly along the west coast of the 
U. S. with T341. 
In addition to the II, HI, HM and IM terms, the HH term has received attention in a lot 
of previous studies [Lau and Holopainen, 1984]. However, in this study, the HH term (not 
shown) primarily transports the impact from EACS to the Arctic region and thus suggests 
little direct causality with the circulation pattern in the midlatitudes especially east of 
dateline. Moreover, the forcing of planetary vorticity (not shown) is mainly to balance the 
height tendency produced by the relative vorticity terms with a zonally uniform 
distribution, and for this reason, it is not presented here either. 
4.3.6. The Role of IF Flow 
The inverse model to partition the height tendency and the composite analysis 
described in the preceding sections yield a picture that represents the net effect of the 
dynamical processes in different timescales. To quantify these processes by demonstrating 
the relative strength of eddies in different timescales, we make use of a method called 
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where n denotes the different timescales as defined in section 4.3.2. Zn represents the 
composite of geopotential height anomalies for given timescales, and Z’ is the composite 
of height anomalies as shown in Figure 4.5. For a given pressure level, this expression 
projects the 500 hPa height anomalies in different timescales to the total height anomaly 
and examines their relative contribution via the day-to-day evolution following the peak of 
EACS. 
Over the western North Pacific sector (20°N–70°N, 120°E–160°E), as presented in 
Fig. 4.10c, results from the MERRA data suggest the HF and IF eddies are largely excited 
immediately after the peak of EACS (day 0). In particular, the IF eddies determine the total 
circulation anomaly until day 3 while the HF anomaly decays very quick and its influence 
almost disappears on day 3. This is consistent with the results found in Compo et al. [1999]. 
In the meantime, the relative strength of LF eddies increases quickly and becomes the 
determinant component since day 4 (greater than 0.3). For the T85 simulation (Fig. 4.10a), 
IF eddies over western North Pacific modulated by EACS are the most important player 
throughout the diagnostic period (up to day 12), and explains over 50% of the total height 
anomaly except for the period from day 4 to day 6. On the other hand, HF and LF eddies 




IF timescale. For T341 (Fig. 4.10e), the evolution of the projection coefficients is 
consistent with observations, but the HF eddies contribute a very small impact to the total 
anomaly (less than 0.1). Also, the LF first overwhelms IF on day 5, which is a 2 day delay 
compared with observation. 
 
 
Figure 4.10: Coefficients of projection onto the total disturbance field by disturbances in 
HF, IF and LF bands. The evolution of the projection coefficients following the peak of the 
EACS (Day 0) is plotted in (left column) for the western North Pacific and in (right column) 
for the eastern North Pacific (detailed definition of the regions is provided in 4.3.2). Top 
row is the result derived from T85 simulation; center row is from MERRA reanalysis; 
bottom row is from T341 simulation. 
 
Figure 4.10 also displays the spatial projection coefficients over eastern North Pacific 




the EACS event, the IF timescale anomaly projects most of its circulation pattern to the 
total height anomaly, while HF eddies do little to influence this stage. 2 days later, the 
contributions from HF, IF and LF eddies to the total anomaly are comparable, with each of 
them representing about 20% of the height anomaly in this domain. IF eddies regain their 
leading position on day 3, lasting up to day 9, with peak amplitude about 0.45 on day 6. 
During the same period (day 3 to day 9), the LF eddies maintain their influence in this 
region second to the IF timescale. On the contrary, HF eddies contribute little to the total 
anomaly on key dates (day 4 to day 6). Following the peak of EACS, the T85 simulation 
(Fig. 4.10b) plot indicates that the overall circulation pattern is defined by LF eddies, 
which explain over 40% of the total height anomaly up to day 12; IF eddies are less 
important in determining the total height anomaly while HF eddies have little directly 
contribution to the circulation anomaly over eastern North Pacific. The height anomaly 
projection is better captured by the T341 version (Fig. 4.10f); corresponding to the key 
period of the circulation anomaly over eastern North Pacific, IF timescale height anomaly 
largely determines the flow pattern starts from day 5 and up to day 10 in the high resolution 
simulation; however, the amplitude of projection coefficients for IF eddies are smaller 
compare with observation. 
Result from spatial projection analysis confirm that the IF timescale are the key 
component to modulate the EACS, and the degree of IF activity largely determines the 




contrast to the two simulations. Reported by Newman et al. [2012], IF variability is the 
largest contributor to the moisture transport into southwestern North America during the 
cool season. IF eddy organizes the water vapor primarily through its advection effect, and 
AR is a realization of this mechanism [Jiang and Deng, 2011; Newman et al., 2012]. On the 
other hand, as shown in Figure 4.10, the HF variability, which is thought as an essential 
part of AR development, only plays a very minor role (amplitude less than 0.1) in confining 
the circulation pattern over western U.S., especially during the active phase of AR 
following the EACS. 
4.4 Section Summary 
In this study, the AR activity over the eastern North Pacific near the U.S. west coast 
and its connection with strong EACS events are evaluated based upon a newly developed 
AR detection algorithm that quantifies AR occurrence probability. Specifically, it is shown 
that majority of the precipitation extremes in the U.S. west coast are induced by ARs. The 
coastal AR activity and precipitation extremes are demonstrated to be significantly 
modulated by EACS. Following the peak of a strong EACS event, AR occurrence 
probability initially decreases in the eastern North Pacific, and this decrease is followed by 
a rapid rise of AR activity 2 days later that persists until 9 days after the cold surge. The 





 Analysis of the North Pacific atmospheric circulation anomalies following the cold 
surge reveals that the development of a local cyclonic circulation anomaly west of the U.S. 
coast creates a channel of concentrated moisture transport into the North American 
continent and this newly-formed AR is directly responsible for the rapid rise of AR activity 
starting from 2 days after the peak of the cold surge. Local height tendency analysis 
suggests that the following processes contribute to the development of the local cyclonic 
circulation anomaly: nonlinear interactions among IF disturbances (II), interactions 
between HF and IF disturbances (HI), interactions between HF disturbances and the winter 
mean flow (HM) and between IF and the mean flow (IM). IF disturbances are also found 
dominate the eastern North Pacific flow anomalies during the period when the AR activity 
is elevated.  
The connection between EACS and AR is further examined in CCSM4 T85 and T341 
model output. The higher resolution model (T341) performs much better in terms of 
capturing the EACS-AR connection. Diagnosis of the model output indicates that the better 
performance of the T341 model stems primarily from more faithful representations of the 
IM process and thus the IF disturbances in the T341 model compared to the T85 model. 
Additionally, a higher model resolution also resolves the filamentary feature of the AR 
structure more accurately, partly contributing to the better performance of the T341 model. 
Going with a high resolution global (versus regional) model in climate modeling and 




hydro-climate variability is the main concern: inclusion of spontaneous excitations of 
remote forcings of hydrological extremes (i.e., EACS), better captured scale-interaction 
and IF variability, and better resolved concentrated moisture transport (i.e., ARs). Finally, 
considering that EACS events themselves are also closely tied to IF variability in the 
extratropics, the importance of an accurate representation of scale-interaction in a model 
cannot be over-emphasized.  
 
Except Section 4.2, Part of the work presented in this chapter is published on 
Geophysical Research Letters [Jiang and Deng, 2011] and the other part of the work is 






CHAPTER 5  
CONCLUDING REMARKS 
In this dissertation, we have studied the variability of the western U.S. hydrological 
cycle driven by large-scale circulation anomalies over the North Pacific with a focus on the 
roles played by the atmospheric high frequency (HF) and intermediate frequency (IF) 
disturbances (eddies). To serve this purpose, we firstly derived a new set of local eddy 
kinetic energy (EKE) equations for atmospheric disturbances of different timescales and 
constructed the 3-D winter climatology of all the energy conversion processes of these 
equations, including the kinetic energy generation due to the cross-frequency interactions   
between HF and IF eddies. The main source of HF EKE is baroclinic conversion 
concentrated in the mid-lower troposphere. Barotropic conversion mainly damps HF EKE 
and shows positive contributions to IF EKE on the northern flank of the winter-mean 
tropospheric jet. Interaction between HF and IF eddies acts as a sink for HF EKE and a 
main source for IF EKE, especially over the eastern (North Pacific and North Atlantic) 
ocean basins, confirming the substantial role of synoptic-scale transients in the 
development of IF phenomena such as atmospheric blocking.  
On interannual timescales, energy conversion processes of the HF and IF EKE budget 
exhibit prominent variability, primarily in responses to El Nino-Southern Oscillation 




over the North Pacific (North Atlantic). Baroclinic conversion is the main driver of the 
observed changes in HF EKE while barotropic conversion, interaction between HF and IF 
eddies, and energy flux convergence all play non-negligible roles in determining the final 
meridional structure of the HF EKE anomalies. Associated with El Nino, IF EKE generally 
decreases over the North Pacific and increases over the North Atlantic, which mainly result 
from changes in baroclinic conversion and EKE conversion due to eddy–eddy interactions. 
The latter is dominated by interaction between IF and LF eddies over the North Pacific, and 
by interactions between HF and IF eddies, and between IF and LF eddies over the North 
Atlantic. 
HF EKE budget analysis is applied to understand intraseasonal variations of the 
winter hydroclimate over western North America. During the course of a typical Madden–
Julian Oscillation (MJO) event, the HF eddy (storm track) response is characterized by an 
amplitude-varying dipole propagating northeastward as the center of the anomalous 
tropical convection moves eastward across the eastern Indian Ocean and the 
western-central Pacific. The HF EKE budget analysis indicates that the storm track 
anomaly is induced primarily by changes in the energy flux convergence, baroclinic 
conversion, and energy generation due to the interaction between HF and LF eddies. The 
analysis also demonstrates the important roles played by eddy–mean flow interaction and 
eddy–eddy interaction in the development of the extratropical response to MJO variability. 




winter precipitation deficit over the SGP is clearly linked with significantly suppressed 
cyclonic activity, i.e., HF disturbances, over the southwestern United States. The 
suppression of HF disturbances is linked to the low-frequency teleconnection modes over 
the North Pacific such as the West Pacific (WP) and PNA.  
Defined as narrow channels of concentrated moisture transport in the atmosphere, 
Atmospheric Rivers (ARs) are responsible for over 70% of the extreme precipitation 
events over the west coast of U.S.. In our study, an automatic AR detection algorithm is 
developed to identify the AR pattern over North Pacific domain. Based on this algorithm 
we construct the first climatology of the AR occurrence probability over the western U.S. 
Our analysis shows that the coastal AR activity and extreme precipitation are significantly 
modulated by the East Asia Cold Surge (EACS) events: following the peak of event, AR 
occurrence probability experiences a nearly 100% change relative to its climatology; 
associated with this, the coastal precipitation over Western U.S. is also enhanced by about 
2.5 mm on average in regions of Oregon and North California starting from Day 6 (six days 
after the peak of the cold surge). Combining the calculation of the spatial projection 
coefficients with the local height tendency analysis, we find that that the IF eddies play the 
most important role in establishing the connection between EACS and the anomalous AR 
activity near western U.S. IF eddies are strongly excited over North Pacific following 
EACS and largely determined the overall height anomaly, especially over eastern ocean 




about the off coast trough over Pacific Northwest, the IF eddy itself exhibits positive 
feedback several days after the peak of EACS. This dynamical feature induced by cold 
surge over East Asia implies strong inland water vapor transport by means of the advection 
effect of IF eddies, which alters the AR activity eventually and influences the extreme 
precipitation over the west coast of the U.S. accordingly. 
Downstream development of the large-scale circulation anomalies associated with 
EACS events is depicted; the barotropical processes lie behind speculate that I-M, I-I, H-I, 
as well as H-M interactions play important roles in modulating the flow and moisture 
transport anomalies over North Pacific. 
The AR activity and its response to upstream forcing are also evaluated in Community 
Climate System Model version 4 (CCSM4) simulations with 2 different resolutions. The 
results indicate that high resolution global model (T341) can better capture those features 
in three aspects: 1) the filamentary feature of the concentrated water vapor transport can be 
accurately represented in finer resolution; 2) the scale-interaction, including the eddy-eddy 
and eddy-mean flow interactions, can be better reproduced; 3) global scale simulation is 
capable to link spontaneous excitations of hydrological extremes in distant regions.. 
In conclusion, these studies explore the characteristics of HF and IF eddies, including 
energy conversion and their interaction, over the northern hemisphere. The works here 
extend the knowledge of dynamical interaction between tropics and extratropics, and 




with the goal of serving toward a better understanding of the hydrological cycle over the 
North Pacific and adjacent downstream continent, illustrate the potential dynamical 
mechanisms behind the phenomena and extreme events, in both observations and high 
resolution simulations. 
A topic of future work is to utilize the HF and IF EKE budget to study the typical HF 
and IF phenomena in the midlatitudes (e.g., blocking), and their response and feedback 
with regard to high latitude phenomena (e.g., Arctic Oscillation). The modulation and 
phenomena that we identified can be used for assessment in high resolution CCSM4 
simulation, and estimate future climate change; meanwhile, the predictability of these 
phenomena can also be assessed in global and regional models. Another ongoing work is to 
develop an objective AR-like pattern algorithm based on the image-processing method, 
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